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DATA  REDUCTION  AND  ANALYSIS 


I :  INTRODUCTION 

Emmanuel  College  has  written  software  in  support  of  various 
studies  of  magne tospher ic  particles  using  data  from  instruments 
flown  on  a  series  of  Air  Force  satellites.  We  have  designed 
data  base  structures  suitable  for  detailed  analysis  of  this  data 
and  tiave  written  support  software  for  graphic  presentation  of  the 
-esults  of  these  studies. 

I  I  :  DATA  REDUCTION 

Satellite  data  is  delivered  to  AFGL  and  the  basic  data 
reduction  is  done  by  AFGL  personnel  and  other  organizati ons  under 
contract  to  AFGL.  The  result  is  a  senes  of  data  base  tapes 
sorted  by  time  for  each  instrument  flown.  Emmanuel  College  has 
written  programs  to  interface  with  these  data  base  tapes  for  each 
of  a  series  of  six  satellite  instruments  during  the  course  of 
this  contract  as  outlined  below. 

I  1.1  DMSP  F2  satellite,  J/3  instrument 

The  J/3  instrument  is  a  cylindrical  plate  electrostatic 
analyser  which  records  prec i pi ta t ing  electrons  from  50  ev  to  20 
Ki?v  over  16  channels.  The  DMSP  satellite  is  a  polar  orbiting 
satellite  and  the  data  has  been  used  in  a  series  of  statistical 
studies  of  auroral  prec ipi tation  and  polar  rain.  We  wrote  a 
program  to  interface  with  the  data  base  for  this  instrument, 
designed  the  data  structures  for  the  statistical  studies  and 
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processed  all  the  available  data  for  these  studies. 


11. 2  DMSP  F4  satellite,  J/3  instrument. 

This  instrument  was  almost  identical  to  the  above  J/3 
instrument  and  the  interface  program  for  it  was  modified  to 
support  both  instruments.  For  most  of  the  statistical  studies, 
the  data  from  the  two  instruments  were  merged. 

11. 3  P7B1  satellite,  J/3  instrument. 

The  interface  program  for  the  F2  satellite  was  also  modified 
to  read  data  from  this  satellite  data  base.  A  limited  set  of 
this  data  was  used  in  the  statistical  studios. 

11. 4  DMSP  F6  satellite,  J/4  instrument. 

The  J/4  ins t rumen t  samp 1 ed  both  precipitating  ions  and 
electrons  between  30  ev  and  20  Kev  with  twenty  channels  for  each 
species.  We  wrote  a  program  to  interface  with  this  data  base  and 
designed  data  structures  to  allow  statistical  studies. 

II. b  DMSP  F7  satellite,  J/4  instrument. 

This  instrument  was  almost  identical  to  the  one  above  arc' 
the  F6  interface  program  was  modified  to  "’ad  the  F7  data  base. 
Data  from  the  two  satellites  was  merged  for  most  of  the 
statistical  studies. 

II. 6  DMSP  F7  satellite,  J*  instrument. 

The  J*  instrument  was  a  4  channel  dosimeter  sensitive  to 
high  energy  ions  and  electrons.  The  data  generated  was  coarse, 
but  suitable  for  some  cosmic  radiation  studies  and  monitoring  of 


the  trapped  radiation  belts.  A  program  was  written  to  interface 
with  this  data  base. 

III.  DATA  ANALYSIS 

Emmanuel  College  provided  programming  support  *or  and  was 
actively  involved  in  a  series  of  studies  of  magnetospher ic 
particle  pr ec i pi ta tion  using  data  from  the  instruments 
summarized  in  section  II  above  as  outlined  below. 

III.l  Auroral  Boundary  studies. 

The  auroral  oval  is  a  dynamic  phenomena  resulting  from 
charged  particles  precipitating  into  the  ionosphere  and  its  size 
and  location  is  sensitive  to  geomagnetic  and  solar  radiation 
activity.  The  polar  orbiting  DMSP  satellites  cross  the  boundary 
into  or  out  of  the  auroral  oval  twice  per  orbit  for  both  the 
North  and  South  geomagnetic  poles.  Using  the  electron  data  from 
the  F2  satellite,  we  developed  an  algorithm  for  precisely 
locating  this  crossing.  By  accumulating  a  large  sample  and 
sorting  it  by  Geomagnetic  Latitude,  Magnetic  Local  Time,  and 
geomagnetic  activity  as  measured  by  the  standard  Kp  index-,  we 
were  successful  in  statistically  parametizing  its  spacial 
behavior . 

The  parameter i zation  resulted  in  a  self-consistent  set  of  2M 
linear  equations,  giving  Geomagnetic  Latitude  as  a  function  ot  Kp 
for  any  selected  Magnetic  Local  Time.  By  inverting  the  process, 
each  orbit  gives  four  direct  observations  of  geomagnetic 
activity.  Since  this  information  is  available  in  near  real 
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time,  it  has  proved  to  be  o f  high  value  to  the  Air  Force. 

The  entire  F2  data  set  was  processed  through  this  algorithm 
and  the  results  delivered  to  AFGL .  They  were  subsequently 
published  as  an  activity  index.  The  original  algorithm  was 
later  optimized  for  each  instrument  in  the  DMSP  series  (F2,  F4, 
F6,  and  F7 )  to  give  real  time  coverage  over  the  span  of  this 
con  trac  t . 

A  computer  program  "AWSAA"  written  and  delivered  to  AFGL  as 
a  product  in  support  of  this  algorithm.  A  program  maintenance 
manual  was  also  delivered.  This  program  was  also  installed  on 
the  computer  system  at  AFGWC. 

I  I  1.2  Auroral  Oval  Maps 

As  a  gener a  1 i z a t ion  of  the  above  concept,  we  designed  a  data 
base  structure  such  that  the  entire  oval  could  be  parameter i zed . 
We  were  successful  in  sorting  the  DMSP  electron  data  by 
geomagnetic  activity  (as  indicated  by  Kp)  over  the  entire  polar 
region  into  a  large  Geomagnetic  Latitude,  Magnetic  Local  Time 
grid.  We  accumulated  each  channel  of  electron  data  and 
statistical  information  for  each  bin  so  that  the  statistically 
average  spectra  was  effectively  developed  as  a  function  of 
spacial  position  and  activity.  We  wrote  programs  for  graphic 
summaries  of  the  results  and  this  was  the  basis  for  several 
publ i cations . 

A  program  AWSAB  was  written  and  delivered  to  AFGL  along  with 
a  program  maintenance  manual  as  a  finished  product  in  support  of 
this  algorithm.  This  program  was  also  installed  on  the  computer 


system  at  AFGWC. 


III. 3  Polar  Rain  Studies 

Polar  Rain  refers  to  the  precipitation  occurring  inside  the 
Auroral  oval.  The  prec i p i ta t ion  levels  in  this  region  are  orders 
of  magnitude  less  intense  than  those  occurring  within  the  oval • 
Since  this  region  is  of  high  interest  to  the  scientific 
community,  the  methods  developed  in  111.2  above  were  applied  to 
the  hiqh  latitude  portions  of  the  polar  regions.  Because  of  the 
low  radiation  levels  to  be  dealt  with,  special  care  was  given  to 
eliminating  instrument  noise  and  methods  had  to  be  developed  to 
prevent  c on t am i n a t i on  from  the  intense  portion  of  the  Auroral 
oval.  This  study  resulted  in  several  publications. 
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HARDWARE 


LABORATORY 

The  small  cryo-pumped  thermal  vacuum  chamber  at  Emmanuel 
was  used  several  times  to  test  and  diagnose  spacecraft 
hardware  including  IMPS  sub-assemblies  and  the  J4  sensor  for 
the  DMSP  satellite.  The  prototype  ion  source  was  briefly 
tested  and  then  removes  to  deliver  to  AFGL  for  further  work. 

ELECTRONICS 


Work  has  continued  on  the  IMPS  SESA  DPI1.  The  prototype 
processing  boards  were  tested  using  the  Compaq  portable 
computer  for  the  GSE.  Software  for  the  processing  of  the 
real  time  data  stream  was  written  and  tested.  The  interlace 
for  the  SPACE  particle  correlator  portion  of  the  experiment 
was  re-worked  and  the  DPU  interface  requirements  were 
provided  to  Dr.  Paul  Cough,  our  British  co-investigator. 

The  IMPS  Interface  Control  Document  (ICD),  the 
Investigation  Requirements  Document  (IRD),  and  the  Policies 
and  Requirements  (PAR)  documents  were  revised  and  updated  to 
reflect  the  latest  IMPS  status.  Because  of  the  shuttle 
delays  and  re-scheduling,  as  well  as  other  problems  with  the 
IMPS  carrier  definition,  this  project  seems  to  be  slowing 
down.  Because  there  may  be  a  period  of  little  or  no  activity 
on  this  experiment,  the  documentation  was  reviewed,  expanded, 
and  archived  so  that  when  work  is  again  accelerated,  the 
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documentation  will  be  sufficient  to  allow  prompt  recovery  of 
the  latest  status. 

CRESS/LEPA 

Integration  and  environmental  testing  of  the  CRESS 
satellite  by  Ball  Aerospace  at  their  Boulder,  Colorado 
facility  has  continued  during  this  quarter.  The  Physics 
Research  Division  provided  direct  support  of  these  tests  at 
BASD.  The  1 , E P A  experiment  was  our  direct  responsibility  and 
the  GSE  and  software  for  these  tests  also  provided  data 
decommutation  for  the-  PROTEL  and  dosimeter  experiments, 
several  trips  to  KASD  were  made  to  provide  the  necessary 
support  of  the  CREEK  integration  and  environmental:;. 

■■■■■'.  J_4 

Delivery  of  SN11  occurred  on  January  8,  1987.  The  unit 

was  delivered  to  RCA  in  New  Jersey  and  integrated  with  the 
s  p  a  c  e  c  r  a  f  t  . 

SN10  was  returned  to  us  for  refurbishment  prior  to 
launch.  New  channel trons  were  installed  and  the  instrument 
underwent  full  electrical  and  environmental  tests.  A  full 
particle  calibration  was  performed  at  the  AFGI,  calibration 
facility.  The  instrument  was  then  delivered  to  Vandenberg 
Air  Force  Base  for  final  integration  on  the  spacecraft. 

SN12,  SN13,  and  SN14  were  assembled,  electrically  tested 
and  delivered  to  AFGL. 
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THEORY 


The  work  of  KahLer  has  dealt  primarily  with  the  solar 
sources  of  both  energetic  particles  and  interplanetary 
shocks.  Observations  of  coronal  mass  ejections  (CMEs) 
obtained  with  the  Solwind  coronagraph  on  the  P78-1  satellite 
were  used  extensively  in  this  analysis.  In  one  study  the 
association  between  CMEs  and  type  II  radio  bursts  was  studied 
in  detail.  In  two  papers  the  relationship  between  solar 
energetic  particles  an*1  CMEs  was  investigated.  A  correlation 
has  been  found  between  peak  energetic  proton  fluxes  and  the 
speeds  of  CMEs.  Solar  particle  events  rich  in  'He  were  also 
investigated.  They  are  not  associated  with  CMEs  or  with 

type  II  bursts,  in  contrast  to  normal  energetic  particle 
3 

events.  H e-rich  events  appear  to  be  prod'  ^  d  along  with 
energetic  electrons  in  the  corona  and  to  have  little  to  do 
with  underlying  Hoc  or  X  -  r a  y  flare  events.  Another  topic  o  f 
interest  has  been  solar  energetic  particle  events  with  w e a k 
flare  signatures.  One  event,  on  December  f>,  1981,  was 

studied  in  detail.  A  particle  event  and  interplanetary  shock 
were  produced  by  the  eruption  of  a  quiescent  filament,  well 
away  from  any  active  region.  In  a  follow-up  study  six  cases 
of  energetic  particle  events  and  interplanetary  shocks 
arising  from  quiescent  filament  eruptions  were  studied  in 
detail.  Work  has  also  been  carried  out  to  investigate  the 
properties  of  shock-associated  kilometric  radio  bursts  and 
the  associations  of  these  bursts  with  energetic  particle 
events.  In  general,  thr>  work  described  here  has  been  the 


result  of  collaborative  programs  set  up  with  investigators  at 
the  Naval  Research  Laboratory  and  Goddard  Space  Flight 
Center. 
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CORONAL  MASS  EJECTIONS 
S.  Kahler 

Physics  Research  Division,  Emmanuel  College,  Boston  HA  02115 


Introduction 

While  the  first  coronal  mass  ejections  (CMEs) 
were  observed  with  the  OSO-7  white  light  corona- 
graph  (Tousey,  1973),  It  was  the  Skylab  corona- 
graph  observations  that  clearly  established  CMEs 
as  an  important  component  of  solar  coronal 
physics.  CMEs  have  been  defined  by  Hundhausen  et 
al. (1984a)  as  observable  changes  in  coronal 
structures  occurring  on  time  scales  of  minutes  to 
hours  and  involving  new,  discrete  bright  features 
in  the  field  of  view.  Although  only  a  fraction 
of  all  observed  coronal  activity,  CMEs  are  of 
Interest  because  they  involve  discrete  additions 
of  mass  and  magnetic  fields  to  the  solar  wind. 
These  large  coherent  structures,  observed  to 
expand  to  many  times  the  diameter  of  the  sun  as 
they  moved  outward  into  interplanet  ary  space,  not 
only  provided  a  fascinating  new  phenomenon  for 
study,  but  were  also  perceived  as  the  "missing 
link"  between  solar  flares  and  geomagnetic  storms 
(Hundhausen  et  al . ,  1984b).  In  addition,  they 
constitute  the  most  energetic  phenomena  known  to 
occur  in  the  solar  system  (Gergely,  1986b).  The 
Skylab  data  base  consisted  of  77  CMEs  observed 
during  1973-74,  about  3  years  prior  to  solar 
minimum  (Munro  et  al. ,  1979).  A  summary  of  the 
Skylab  results  was  provided  by  MacQueen  (1980). 

Data  sets  from  two  orbiting  coronagraphs  have 
dominated  the  studies  of  CMEs  during  the  past 
quadrenniura.  The  Solwind  coronagraph,  provided 
by  the  Naval  Research  Laboratory,  was  flown  on 
the  P78-1  satellite  and  is  described  by  Shecley 
et  al.(1980).  Solwind  observations  of  more  than 
1200  CMEs  were  obtained  from  March  28,  1979  until 
the  destruction  of  the  spacecraft  by  the  U.S,  Air 
Force  in  an  anti-satellite  test  on  September  13, 
1985  (Marshall,  1985).  The  other  coronagraph, 
the  coronagr aph-polar ime ter  (C/P)  on  the  Solar 
Maximum  Mission  (SMM)  satellite  was  provided  by 
the  High  Altitude  Observatory  and  is  described  by 
MacQueen  et  al.(I980).  It  obtained  observations 
of  about  70  CMEs  from  March  1980  until  the 
instrument  failed  in  September  1980.  The  C/P  was 
repaired  on  April  12,  1984  (Maran  and  Woodgate, 
1984)  and  has  continued  to  function  well  to  the 
present  time  on  what  is  now  called  the  SMM-2 
satellite. 

The  C/P  views  the  corona  in  square  azimuthal 
sectors  from  1.6  to  about  6  RQ,  while  Solwind 
observed  the  entire  corona  from  2.5-10  R*,. 

Solwind  used  one  broad  white-light  waveband  and 
two  Polaroid  rings  at  5  and  8  R0  to  detect 
polari zatlon.  The  C/P,  on  the  other  hand,  has  a 
number  of  filters  with  different  bandpasses,  but 
most  CMEs  have  been  observed  In  a  single  wideband 
filter.  Although  the  two  instruments  overlapped 
in  time  coverage,  fields  of  view,  and  wavebands. 
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the  two  sets  of  observations  are  somewhat 
complementary.  The  large  numbers  of  Solwind  CMEs 
have  proved  to  be  well  suited  for  statistical 
studies,  but  detailed  studies  of  individual 
Solwind  CMEs  are  limited  by  the  relatively  coarse 
spatial  resolution  of  1.25  arc  ain.  The  compara¬ 
tively  fewer  C/P  CMEs  were  observed  with  a 
superior  spatial  resolution  of  10  arc  sec,  and 
many  were  observed  with  an  Ha  filter  to  Isolate 
cool  prominence  material.  As  a  result,  many  of 
the  C/P  studies  have  focussed  on  details  of 
individual  events.  Images  of  C/P  and  Solwind 
CMEs  are  6hown  in  Figures  i  and  2. 

The  Solwind  and  C/P  observations  are  comple¬ 
mented  by  additional  CME  observations  In  the 
inner  (<  2  RQ)  and  outer  (>  10  RQ)  corona.  The 
HA0  K-coroname te r  at  Mauna  Loa,  Hawal 1 ,  observes 
in  the  near  infrared  at  an  altitude  range  of  1.2- 
2.2  Rq,  while  a  prominence  monitor  simultaneously 
records  disk  and  limb  Ha  Images  (Fisher  and 
Poland,  1981).  These  observations  have  been  made 
routinely  since  before  the  SMM  mission.  Observa¬ 
tions  of  CMEs  in  the  interplanetary  medium  have 
been  made  by  the  zodiacal  light  photometers  on 
the  Helios  2  spacecraft  (Jackson  and  Lelnert, 
1985).  Data  from  three  scanning  photometers  are 
converted  into  low  resolution  Images  of  CMEs  over 
the  north  ecliptic  hemisphere.  CME  observations 
are  made  at  distances  of  several  tenths  of  an  AU 
from  the  sun  and  can  even  be  made  from  within  the 
CME  ItscLf. 

The  topic  of  CMEs  has  been  reviewed  a  number 
of  times  over  the  past  quadrennium.  Dryer  (1982) 
and  Steinoifson  (1985)  stressed  the  theories  of 
CME  Initiation  and  notion  and  the  relationship  oi 
CMEs  to  shocks.  The  latter  topic  was  also 
reviewed  by  Schwenn  (1986).  Rust  (1983)  dis¬ 
cussed  CMEs  as  a  part  of  his  quadrennial  review 
of  solar  activity,  and  Hundhausen  et  al. (1984b) 
took  a  historical  approach  to  CMEs  and  their 
interplanetary  effects.  Reviews  of  Wagner 
(1984),  Fisher  (1984),  Low  (1986),  and  Hildner 
(198b)  have  discussed  the  general  properties  ot 
CMEs,  while  the  CME  chapter  of  the  SMM  Workshop 
Proceedings  (Hildner  et  al.,  1986)  treats  event 
case  histories  and  some  recent  modelling  in 
detail. 

We  will  review  recent  work  on  CMEs  by  addres¬ 
sing,  in  rough  order,  the  three  fundamental 
questions  about  CMEs  (Hildner  et  al. ,  1986):  (1) 
how  are  CMEs  initiated  in  the  low  corona,  (2)  how 
are  CMEs  propelled  through  the  low  corona,  and 
(3)  what  are  the  manifestations  of  CMEs  in 
interplanetary  space? 

Rates  and  Associations 

Hildner  et  al.(l976)  found  a  good  correlation 
between  Skylab  CME  production  and  sunspot  number. 
The  additional  fact  that  nearly  all  the  Skylab 
CMEs  lay  in  the  active  region  latitudes  within 
45*  of  the  equator  (Hildner,  1977)  suggested  that 
the  stronger  and  more  complex  magnetic  fields  of 
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Figure  I.  A  C/P  loop  CME  centered  at  a  latitude 
of  N87  on  the  east  limb.  The  sun-centered 
occulting  disk  radius  is  1.6  RQ.  The  bright 
inner  loop  Is  the  eruptive  prominence.  From 
Hundhausen  et  al.(  1984a) 


active  regions  were  an  essential  Ingredient  for 
CMEs.  They  speculated  that  at  the  maximum  of  the 
solar  cycle  the  CME  rate  would  be  substantially 
increased,  by  about  a  factor  of  4,  along  with  the 
average  sunspot  number. 

Analysis  of  the  C/P  CMEs  from  SMM-1  showed 
that  they  uere  more  uniformly  distributed  In 
latitude  than  were  those  of  Skylab  (Hundhausen  et 
al.,  1984a;  Hundhausen,  1986),  as  shown  in  Figure 
3,  and  that  high  latitude  (>  45”)  CMEs  were  not 
systematically  different  (Sime,  1986).  The 
observed  occurrence  rate,  corrected  for  effective 
observing  time,  uas  0.87  CME/day,  only  a  20Z 
Increase  over  the  recalculated  Skylab  rate  of 
0.74  CME/day  (Hundhausen  et  al. ,  1984a),  and 
contrary  to  the  prediction  of  Hildner  et  al. 
(1976).  Howard  et  al.(1985)  complied  statistics 
on  998  Soluind  CMEs  observed  during  1979-81. 

They  found  no  obvious  relation  between  CME 
occurrences  and  sunspot  number  on  time  scales  of 
7  to  180  days.  Their  occurrence  rate  was  1.8 
CME/day  for  all  CMEs  (double  that  derived  for  the 
C/P  data)  and  0.9  CME/day  for  the  56Z  of  the 
sample  they  Judged  as  “major"  CMEs.  Webb  (1986) 
has  used  the  longitude  distributions  of  Ha 
flares  with  type  II  bursts  to  correct  for  CMEs 
near  central  meridian  unobserved  by  the  C/P  and 
Solwind  instruments.  His  corrected  rales  become 
1.5  CME/day  for  the  C/P  and  2.1  CME/  day  for  all 
the  Solwind  CMEs. 

The  availability  of  1984-85  Solwind  data  has 
enabled  the  NRL  group  (Sheeley  et  al.,  1986; 
Howard  et  al. ,  1986)  to  compare  CME  occurrence 
rates  near  solar  maximum  with  those  near  solar 
minimum  using  only  Solwind  data.  They  found  not 
only  a  substantially  lower  rate  of  0.2-0. 4 
CME/day  during  1984-85,  but  also  a  correlation 
between  average  annual  sunspot  number  and  average 
annual  occurrence  rale  close  to  that  found  by 
Hildner  et  al.(1976)  and  shown  In  Figure  4.  The 
1984-85  CMEs  had  substantially  smaller  angular 
widths,  speeds,  and  energies  than  those  of 
1979-81  (Figure  5  and  Table  1).  The  class  of 


CMEs  called  streamer  blowouts  were  found  to  occur 
at  the  sase  rate  during  both  eras  and  to  be  the 
most  numerous  type  of  CME  In  1984-85. 

The  1984-85  C/P  CMEs  also  show  substantially 
slower  speeds  and  lower  occurrence  rates  In 
comparison  with  the  restated  Skylab  and  1980  C/P 
values  (Hundhausen,  1986),  as  shown  In  Table  1. 
Contrary  to  the  NRL  group  (Howard  et  al. ,  1986), 
Hundhausen  finds  no  simple  relationship  between 
sunspot  number  and  CME  rate  since  the  Skylab  and 
1984-85  C/P  rates  differ  by  a  factor  of  —  4  for 
similar  sunspot  numbers.  He  finds  that  the  1984- 
85  C/P  CMEs  occurred  over  the  belt  of  coronal 
helmet  streamers.  The  tilted  magnetic  dipole 
defined  by  this  belt  evolved  slowly  In  1984-85 
but  rapidly  during  Skylab,  suggesting  coronal 
evolution  as  the  crucial  factor  In  the  CME 
occurrence  rate.  Howard  et  al.(1986)  and 
Hundhausen  (1986)  both  find  that  1984-85  CMEs  are 
confined  to  low  (<  45*)  latitudes  (Figures  3  and 
5),  but  they  seriously  disagree  on  the  angular 
spans.  During  1980  both  derive  an  average  CME 
angular  span  of  -  40*,  but  with  significantly 
different  distributions.  The  1984-85  Solwind 
angular  spans  are  substantially  reduced,  but  the 
1984-85  C/P  values  remain  similar  to  those  of 
both  Skylab  and  the  1980  C/P  values  (Table  1). 

The  disagreements  between  the  Solwind  and  C/P 
results  may  arise  partly  from  the  different 
radial  fields  of  view  of  the  instruments  or  from 
the  different  techniques  used  to  produce  the  CME 


Figure  2.  Solwind  difference  images  of  6  of  the 
10  structural  classes  of  Howard  et  al.(1985). 
The  field  of  view  extends  from  2.5  to  8  R^,. 
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HISTOGRAMS  OF  CME  LOCATIONS 


Figure  3.  Distributions  of  the  apparent  solar 
latitudes  of  CMEs  measured  from  Skylab  and  SMM 
data.  From  llundhausen  (1986). 


images.  Solvind  CMEs  are  evaluated  by  using 
subtracted  Images  and  the  C/P  CMEs  primarily  by 
direct  images.  Resolution  of  these  disagreements 
is  recognized  os  an  urgent  goal  but  a  nasty 
problem. 

On  a  shorter  time  scale,  Wagner  and  Wagner 
(1984)  considered  the  distribution  of  time 
Intervals  between  successive  CMEs  observed  by 
Skylab  and  SMM-l.  The  shortest  time  bin  (0-10 
hr)  showed  a  deficit  of  cases  for  those  CMEs 
separated  by  <  60*  and  a  surplus  of  cases  for 
those  CMEs  widely  separated  ( 120“— 180* ) .  They 
Interpreted  those  results  as  indicating,  respec¬ 
tively,  a  temporary  suppression  of  subsequent 
CMEs  from  a  given  region  and  a  global  coherence 
to  CME  occurrence.  However,  the  0-10  hr  time  bin 
consists  of  only  21  events,  so  their  result  is 
not  statistically  compelling. 

About  661  of  the  C/P  CMEs  observed  In  1980 
could  be  temporally  and  spatially  associated  with 
some  form  of  solar  activity  (erupting  promin¬ 
ences,  Ho  flares,  X-ray  events,  and  type  II  and 
IV  radio  bursts)  (Webb,  1986;  Webb  and  Hund- 
hausen,  1986).  This  is  slightly  lower  than  the 
781  of  the  Skylab  CMEs,  recalculated  from  Munro 
et  al.(1976).  For  both  epochs  the  CME  associ¬ 
ation  with  erupting  prominences  (~  80X  of  the 
associated  CMEs)  was  about  twice  the  association 
with  Ha  flares.  There  is  also  evidence  that 
the  CMEs  track  prominences  better  than  flares  in 
both  latitude  and  occurrence  frequency,  estab¬ 
lishing  eruptive  prominences  as  a  fundamental 


element  for  the  origin  of  CMEs.  Wagner  (1984) 
has  claimed  that  a  large  fraction  (>  30X)  of  CMEs 
constitute  a  separate  claaa  which  leave  no 
detectable  near-surface  signature.  Such  CMEs 
could  well  be  from  behind  the  limb,  and  some 
associations  may  be  missed  due  to  accelerations 
of  CMEs  (MacQucen,  198S).  Since  Wagner's  claim 
is  not  supported  in  detail,  the  size  of  this 
class  of  events,  if  it  exists  at  all,  must  be 
considered  unknown  (see  also  Webb  and  Hundhausen, 
1986). 

Theoretical  Work 

The  theoretical  approach  to  treating  CMEs  has 
been  reviewed  in  detail  by  Rosner  et  al.(1986). 
The  basic  problem  is  to  explain  the  properties  of 
CMEs  by  treating  them  as  a  time-dependent 
magnetohydrodynamic  (MHD)  process  in  a  1/r^ 
gravitational  field.  Since  the  estimated 
gravitational  potential  energy  of  a  CME  can 
sometimes  exceed  the  total  kinetic  energy, 
gravity  is  considered  Important  in  the  physical 
treatment.  Although  the  observational  uncertain¬ 
ties  are  often  substantial,  CMEs  above  2-3  Rc 
tend  to  approach  a  constant  speed  (MacQueen  and 
Fisher,  1983)  which,  despite  the  importance  of 
gravity,  is  sometimes  well  below  that  of  the 
gravitational  escape  speed. 

Three  main  approaches  can  be  identified  in  CME 
theory  (Rosner  et  al.,  1986).  One  employs 
numerical  codes  to  treat  the  MHD  equations  with 
freely  prescribed  Initial  and  boundary  condi¬ 
tions,  usually  consisting  of  a  potential  magnetic 
field  and  hydcostatic  atmosphere.  These  models 
have  attempted  to  use  pressure  pulses,  usually 
based  on  associated  flare  X-ray  flux  profiles,  to 
drive  the  ejections  (Dryer,  1982).  The  models 
are  well  developed  in  the  sense  that  numerous 
comparisons  with  observed  CMEs  have  been  done 
(e.g.,  Wu  et  al.,  1983b).  However,  the  credi¬ 
bility  of  this  approach  has  been  challenged  for 
several  reasons.  In  the  first  place,  the 
magnetic  field  in  these  models  has  acted  to 
retard  rather  than  propel  the  CME  (Rust  et  al., 
1980).  A  recent  parametric  study  using  several 
multipolc  potential  fields  (Hildner  et  al.,  1986) 


Figure  4.  Variation  of  the  Solwind  CME  occur¬ 
rence  rates  with  sunspot  number.  From  Howard 
et  al. ( 1986) . 
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Figure  5*  The  speeds,  angular  spans  and  central 
latitudes  of  the  1979-81  Solvind  CMEs  (left) 
and  1984-85  Solwlnd  CMEs  right.  From  Howard  et 
al. ( 1985 ,  1986). 


has  shown  that  reasonable  pressure  pulses  in 
potential  magnetic  fields  can  not  result  in  CMEs. 
Second,  as  we  dlscu9s  later,  recent  observations 
have  shown  that  the  flare  pressure  pulses  used  in 
the  model  are  not  relevant  to  the  CMEs.  Third, 
the  models  may  not  be  successful  In  reproducing 
several  fundamental  features  of  CMEs.  Sirne  et 
al.(1984)  attacked  the  numerical  pressure  pulse 
model  presented  in  Dryer  et  ai.(l979)  by  claiming 
that  the  numerical  models  generally  failed  to 
explain  three  features  common  to  5  Skylab  CMEs: 
(1)  more  material  at  the  flanks  than  the  tops  of 
the  CMEs;  (2)  a  large  region  of  depleted  density 
below  the  loops;  and  (3)  a  lack  of  lateral  motion 
in  the  CME  legs  late  In  the  events.  In  the 
debate  on  the  merits  of  these  claims  Dryer  and  Wu 
(1935)  and  Sirae  ct  al.(1985)  found  no  common 
ground. 

The  second  theoretical  approach  is  one  in 
which  CMEs  are  treated  as  magnetic  loops  sub¬ 
jected  to  internal  (c.g.,  Mouschovias  and  Poland, 
1978)  or  external  (e.g.,  Anzer  and  Pneuman,  1982) 
magnetic  forces  that  drive  the  loops  outward. 
Analytic  approximat ions  are  made  to  the  MUD 
equations  in  these  models.  However,  Yeh  (1982) 
pointed  out  that  the  magnetic  forces  act  essen¬ 
tially  perpendicular  to  the  loop  axis,  resulting 
in  a  loop  volume  expansion  but  not  in  the 
t ransl at  tonal  motion  characteristic  of  CMEs. 
Thermal  pressure  gradients  arc  necessary  for  the 
proper  description  of  the  buoyant  driving  force 
of  the  loop  even  In  a  low  beta  plasma  (Rosner  et 
al.  ,  1986).  To  account  for  the  motion  of  CMEs 
Yeh  (1985,  1986a, b)  has  subsequently  proposed  a 
theory  of  hydromagnet  1 c  buoyancy  force,  the  major 
part  of  which  Is  the  diamagnetic  force,  resulting 
from  the  Interaction  between  Internal  and 
external  currents.  The  magnetic  stress  in  the 
peripheral  layer  of  an  immersed  body  Is  spatially 
transformed  Into  thermal  stress  in  the  interior. 
The  force  density  associated  with  that  thermal 
stress  overcomes  gravity  to  provide  the  driving 
force  of  a  flux  rope. 

The  newest  approach  in  CME  theory  is  that  of 
Low  (1984a),  who  has  applied  the  principle  of 
self-similar  MHD  to  CMEs.  Mathematically,  the 
MHD  equations  become  analytically  tractible  by 
the  Introduction  of  a  similarity  variable  which 
couples  the  time  and  radial  distance  parameters 


TABLE  1. Average  Properties  of  Observed  CMEs 


Sunspot 

Dally  Race 

Speed 

Angul ar 

Number 

(events) 

km/s 

Span 

1973-74 

Skylah 

33 

0.55  (77) 

340 

42* 

1980 

C/P 

150 

a8  (74) 

34  0 

41* 

1  984-89  C/P 

25 

0.15  (7  5) 

160 

38* 

1979-81 

Solwlnd 

150 

1.8  (998) 

472 

45” 

1984  -83 

Solwl nd 

25 

0.3  (59) 

2  08 

24* 

without  the  need  to  restrict  the  treatment  to  one 
dimension  in  space;  in  fact,  a  three-dimensional 
model  is  feasible.  For  a  certain  radial  sym¬ 
metric  velocity  field  function  only  a  single 
MHD  equation  needs  to  be  solved.  Physically, 
coronal  flows  result  when  bound  coronal  struc¬ 
tures  become  gravitationally  unstable  and  break 
away.  The  natural  tendency  for  plasma  to  expand 
in  the  solar  wind  can  then  no  longer  be  resisted 
by  gravity  and  magnetic  tension.  Self-similar 
solutions  show  that  In  all  cases  the  flow  speeds 
become  asymptotically  constant  as  the  Lorentz 
forces  and  pressure  gradients  act  to  balance 
gravity.  No  additional  “driving"  force  is 
required.  Low  (1984a)  showed  that  various  types 
of  magnetic  field  configurations  in  the  outflow 
could  generally  match  commonly  observed  CME 
structures.  His  view  is  essentially  an  inversion 
of  the  usual  approach  to  CMEs  in  that  he  con¬ 
siders  the  ejection  of  material  from  the  corona 
to  be  the  normal  situation  and  the  confinement  ot 
coronal  material  by  closed  magnetic  fields  as 
closer  to  an  "event". 

Adoption  of  the  self-similar  viewpoint 
suggests  that  wc  seek  initiation  of  a  CME  in 


TIME-*- 


Figure  6.  A  temporal  (above)  and  spatial 
(below)  schematic  of  the  relationship  of  the 
flare-associated  CME  to  the  precursor  X-ray 
arch  and  subsequent  flare  as  derived  by 
Harri son  ( 1986) . 
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HEIGHT  (r  /  R0) 

Figure  7.  Radial  speeds  of  12  CMEs  as  a 
function  of  height.  The  flare-associated 
events  arc  designated  (F);  others  are  prom¬ 
inence-associated.  From  MacQueen  and  Fisher 
(1983). 

unstable  magnetostatic  states  of  the  corona.  Low 
(1984b)  has  studied  the  stability  of  large-scale 
magnetostatic  structures,  and  Wo  If  son  and  Could 
(1985)  found  that  magnetostatic  equilibria  can 
disappear  when  the  corona  is  loaded  with  an 
excess  mass  corresponding  to  that  characteristic 
of  CMEs.  Pneuman  (1984b)  has  considered  a  CMK 
initiation  mechanism  in  which  a  loop  structure  is 
constricted  at  its  base  by  external  forces. 

Observations  of  CMK  Development 

Comparisons  between  the  development  of  CMEs 
and  that  of  associated  disk,  prominences  or  flares 
can  provide  clues  to  the  causal  agents  of  CMEs. 
Only  a  few  C/P  CMEs  have  been  compared  In  detail 
with  Ha  and  other  disk  observations.  Wagner 
et  al.(l983)  found  near  simultaneity  between  the 
eruption  of  a  prominence  and  the  deduced  depar¬ 
ture  time  of  the  associated  CME.  An  early 
assessment  of  f lare-associ ated  CMEs  (Wagner, 

1983)  Indicated  that  CME  departure  tiroes  preceded 
flare  onsets.  Recently,  Harrison  (1986)  has 
found  that  CMEs  appear  to  leave  the  solar  surface 
during  weak,  soft  X-ray  bursts  preceding  subse¬ 
quent  associated  flares  by  tens  of  minutes 
(Figure  6).  The  precursor  X-ray  brightening  has 
a  large  spatial  scale  sire  of  ~  10^  km.  The 
extent,  location,  and  morphology  of  the  CME  are 
consistent  with  the  CME  Launch  occurring  during  a 
destabilization  of  the  precursor  arch.  This 
result,  which  applies  only  to  f lare-associ ated 
CMEs,  rather  than  the  more  numerous  prominence- 


associated  CMEs,  Is  based  on  three  cases  for 
which  SMM  precursor  and  flare  X-ray  burst  images 
and  C/P  CME  observations  were  obtained.  Although 
additional  supporting  cases  have  been  claimed 
(SImnett  and  Harrison,  1984),  there  are  apparent¬ 
ly  only  4  more  cases  with  Incomplete  spatial 
observations  that  are  consistent  with  this 
scenario  (Harrison  et  al.,  1985).  Harrison 
(1986)  argues  against  the  alternative  interpre¬ 
tation  that  the  CME  launch  occurred  during  the 
subsequent  X-ray  flare.  In  that  case  either  the 
acceleration  profile  would  be  unrealistic,  or  the 
starting  altitude  would  be  so  high  ( -  0.66  RQ) 
that  the  onset  would  be  observable  with  the  Mauna 
Loa  coronagraph,  contrary  to  experience  (Fisher 
and  Munro,  1984).  When  the  CME  reaches  a  height 
of  0.5  Rq,  a  flare  occurs  in  the  primary 
footpolnt  of  the  arch.  This  suggests  that  the 
resulting  flare  will  be  positioned  near  one  leg, 
rather  than  near  the  center,  of  the  angle 
subtended  by  the  CME.  A  comparison  of  the 
position  of  the  Ha  flare  with  the  angular 
extent  of  the  associated  CME  for  51  flare- 
associated  CMEs  revealed  a  similarly  strong 
tendency  for  the  flare  to  occur  near  one  leg  <;t 
the  CME  (Harrison,  1986;  Harrison  and  Slmneti, 
1986) . 

These  observations  suggest  that  the  flare  Is 
triggered  by  conditions  subsequent  to  tie  OIK 
launch  and  Is  not  directly  responsible  for 
driving  the  CMK,  contrary  to  the  requirements  of 
pressure  pulse  models  (Wu  et  aL.,  1983).  Cliver 
et  al.(l983)  discussed  a  case  of  a  flare- 
associated  CME  which  produced  a  very  energetic 
(E  >  500  MeV)  particle  event  but  was  associated 
with  a  faint  impulsive  microwave  burst.  In 
addition,  non  flare  CMEs  associated  with  no 
detectible  impulsive  phase,  but  with  sufficient 
speeds  to  result  in  interplanetary  shocks,  were 
discussed  by  Kahler  ct  al.(1986)  and  Cane  et  al. 
(1986).  These  events  all  show  a  fundamental 
lncorcpatabi  1 1  ty  with  the  requirements  of  the 
pressure-pulse  models. 

Harrison's  (1986)  scenario  places  the  sources 
of  f lare-associ ated  CMEs  in  large  X-ray  arches 
connecting  different  active  regions.  Since  the 
magnetic  fields  In  these  arches  may  be  close  t«> 
potential  and  lie  roughly  perpendicular  tu  the 
underlying  neutral  lines,  it  Is  not  clear  how 
active  region  prominences,  which  lie  in  or  o0j.< 
cent  to  the  active  regions  In  highly  sheared 
fields,  can  be  an  integral  part  of  many  obseiveu 
CMEs.  It  is  also  unclear  why  the  precursor  burst 
arch  structure  should  again  be  observable  -  l  hr 
after  the  flare  onset  if  it  hail  earlier  erupted 
to  form  the  CME.  McCabe  et  al.(1936)  observed  i 
similar  arch  structure  following  an  unusual  flar** 
in  which  the  active  region  filament  did  not 
erupt.  In  that  case,  a  flare  spray  was  ejected 
in  a  highly  ronradial  direction  from  one  end  of 
the  filament  channel,  giving  rise  to  a  CME.  The 
precursor  arch  structures  also  appear  similar  to 
the  post-flare  arches  considered  by  Svestka 
(1984)  to  be  brightenlngs  of  preexistl-g  struc¬ 
tures  rather  than  newly  formed  features.  The 
basic  role  of  the  precursor  arches  in  the 
development  of  f 1 are-associ ated  CMEs  has  yet  to 
be  defined. 

The  first  appearance  of  a  CME  in  the  low 
corona  is  that  of  a  bright  arch,  followed  by  a 
dark  depletion  region  (Fisher,  1984).  Occasion- 


668 


Kahler:  Coronal  Hass  Ejections 


ally  Che  arch  is  noc  well  developed  until  It  has 
reached  ~  1.5  R*,,  In  which  case  one  Initially 
sees  a  “dark  transient",  after  which  the  leading 
arch  brightens.  Illing  and  Hundhausen  (1985) 
combined  the  HAO  K-coronameter  and  C/P  obser¬ 
vations  of  a  single  common  looplike  CME  to  deduce 
Its  basic  structural  components.  The  pre-event 
structures  consisting  of  the  prominence,  over- 
lying  coronal  cavity,  and  ambient  corona  first 
become  prominence,  depleted  mound,  and  bright 
outer  rim  In  the  K-coronameter  images  and  then 
bright  core,  intervening  dark  shell,  and  outer 
loop  In  the  C/P  images.  Enough  mass  is  observed 
in  the  ambient  corona  above  the  prominence  to 
account  for  the  loop  seen  in  the  C/P,  supporting 
earlier  Skylab  results  (e.g.,  Hildr.ac  et  al„, 
1975). 

Bright  cores  of  material,  presumed  to  be  the 
remnants  of  Ha  prominences,  have  been  seen  in 
about  one  third  of  all  C/P  mass  ejections  (Webb 
and  Hundhausen,  1986)  but  in  only  about  1.5Z  of 
the  Solwlnd  images  at  the  4.0  K0  polarizer  ring 
position  (Howard  et  al.,  1985).  This  suggests 
that  the  material  is  either  Ionized  or 
rarefied  substantially  as  It  moves  outward  in  the 
CME.  Illing  and  Athay  (1986)  analyzed  the  Ho 
and  continuum  C/P  observations  of  8  CME  promi¬ 
nences.  The  densities  of  10^  cm“),  compared 
to  typical  pre-eruptive  densities  of  10**  cm"\ 
indicate  volume  expansions  bv  a  factor  of  I0-*. 

The  decreased  density  was  the  primary  factor  in 
the  calculated  high  levels  of  hydrogen  ionization 
of  90  to  99Z.  In  one  event  the  estimated  mass  of 
-  l.5xH)*&  goi,  and  increased  gravitational 
potential  energy  of  -  3x1  o31  erg  of  the  promi¬ 
nence  matched  or  exceeded  those  of  the  remaining 
white  light  material  (Athay  and  Illing,  1986; 
Illing  and  Hundhausen,  1986). 

The  kinematic  properties  ot  12  inner  coronal 
(1.2-2. 4  1^)  loop  CMEs  were  examined  by  MacQueen 
and  Fisher  (1983).  At  first  the  lateral  and 
radial  speeds  of  CMEs  are  ibout  equal.  When  the 
loading  edge  reaches  -  1.5  R0 ,  the  lateral  extent 
tends  to  remain  fixed  for  the  event  duration. 

When  the  radial  speeds  were  plotted  as  a  function 
of  distance  from  sun  center  (Figure  7),  a  clear 
vie  11  neat  Ion  between  flare-  and  prominence- 
associated  events  was  found.  Flare-associated 
events  show  higher  speeds  with  little  evidence  of 
acceleration;  prominence- associ ated  events  are 
characterized  by  lower  speeds  and  observable 
acce  lerat ions.  MacQueen  and  Fisher  offer  the 
following  hypothesis.  FI  a re- associ ated  CMEs  are 
produced  in  impulsive  acce lerat ions  acting  over 
small  spatial  (0.2  R0)  and  temporal  (<  10  min) 
regimes,  while  prominence-associated  CMEs  arc 
subjected  to  significant  accelerations  over 
extended  distances  and  times.  A  fundamental 
difference  between  the  two  kinds  of  CMEs  is 
Implied  in  the  proffered  hypothesis.  Because 
many  CMEs  are  associated  with  both  prominences 
and  flares  (Webb  and  Hundhausen,  1986),  there  is 
some  ambiguity  about  the  flare  and  prominence 
associations  of  the  MacQueen  and  Fisher  study. 
However,  supporting  evidence  for  two  classes  of 
CMEs  comes  from  a  study  by  Si  me  (1986)  showing 
that  looplike  CMEs  are  preferentially  associated 
with  prominence  eruptions  and  the  less  ordered 
non-loop  CMEs  associated  with  flares.  In  his 
view  loop-type  CMEs  reflect  the  outward  motion  of 


pre-existing  structures  while  flare-associated 
CMEs  result  from  complications  due  to  energy  and 
mass  injection  from  a  compact  source. 

Anzer  and  Pneuman  (1982)  and  Cane  et  al.(1986) 
have  suggested  the  contrary  view  of  a  broad 
spectrum  of  CME  sources  ranging  from  large  flares 
in  complex  active  regions  to  eruptions  of 
quiescent  prominences  well  outside  active 
regions.  These  events  would  then  differ  only  by 
degree,  rather  than  by  kind,  as  in  the  view  of 
MacQueen  and  Fisher  and  Si me. 

Large,  faint  regions  of  enhanced  brightness 
known  as  "f orcrunnei s“  were  found  to  border  the 
Skylab  CMEs  (Jackson  and  Hlldner,  1978).  The 
upper  boundaries  of  forerunners  maintained  a 
constant  offset  of  1-2  R0  from  the  CME  where  they 
blended  into  the  coronal  background.  They  are 
considered  of  significance  because  the  volume  of 
corona  encompassed  by  the  forerunner  is  much 
larger  than  thaL  of  the  following  CME.  Recently, 
Karpen  and  Howard  (1986)  have  challenged  the  view 
that  the  forerunner  is  an  entity  separate  from 
the  CME.  In  their  analysis  of  the  brightness 
contour  maps  of  44  Solwind  CMEs  they  found  Lh.u 
the  app .irent  presence  of  the  forerunner  depended 
on  whether  tlu*  contour  plots  were  linear,  as 
Jackson  and  Hlldner  used,  or  logarithmic.  The 
Solwind  difference  images  incLude  the  forerunners 
as  part  of  the  CME  Itself,  in  contrast  to  the 
Skylab  film  images. 

The  relationship  between  CMEs  and  their 
coronal  environment  is  the  subject  of  several 
works.  Illing  (1984)  has  reported  on  a  CME  which 
pushed  aside  preexisting  streamers,  and  Illing 
and  Hundhausen  (1986)  describe  a  loop  CME  that 
completely  disrupted  a  helmet  streamer.  Tlu* 
streamer  increased  in  brightness  for  two  days 
before  the  underlying  prominence  erupted. 

Portions  of  the  streamer  above  the  loop  showed  no 
change  until  passed  by  the  loop.  The  CME  loop 
material  appeared  to  come  only  from  the  streamer 
itself.  After  CME  passage  the  region  of  the 
helmet  streamer  was  depleted.  A  similar  but  -ore 
complex  event  was  discussed  by  Low  and  Hundhausen 
(1986).  These  events  are  probably  examples  ot 
the  CMF.  class  Howard  et  dl.(l9H5)  call  streamer 
blowouts.  While  CMEs  clearly  perturb  local 
coronal  conditions,  they  appear  to  be  influenced 
in  return  t>y  the  prevailing  coronal  magnetic 
fields  and  flow  conditions.  MacQueen  ot  al. 

(1986)  measured  an  average  2,2°  cquat  orward 
deflection  for  Skylab  CMEs  but  no  significant 
deviation  from  radial  motion  for  C/P  CMEs  ot  the 
SMM-1  epoch.  They  suggest  that  near  sunspot 
minimum  the  dominant  large-scale  dipolar  Mold 
directs  CMEs  toward  the  solar  equator,  but  the 
less  ordered  global  fields  of  solar  maximum 
activity  result  in  little  or  no  equatorward  net 
forces. 

MacQueen  and  Cole  (1985)  have  examined  the 
development  of  loop  breadth  and  total  length  for 
nine  Looplike  CMEs.  The  total  loop  length  L  was 
well  fitted  by  the  relationship  L  *  aR*'^  where 
R  is  the  radial  height,  and  loop  breadth  h  by 
h  *  bRO.48^  bu L  with  substantial  scatter. 

MacQueen  and  Cole  found  this  latter  result 
inconsistent  with  Lhe  requirements  of  models  of 
magnetically  expelled  loops  (Mouscbovins  and 
Poland,  1978),  compressive  waves  (Dryer,  1982), 
and  self -similar  flows  (Low,  1 984  a).  Although 


15 


669 


Kahler:  Coronal  Mass  Ejections 


tiling  (1984)  found  five  features  of  an  expanding 
CHE  to  be  consistent  with  self-similar  flows,  the 
velocity  field  of  a  complex  CHE  examined  by  Low 
and  Hundhausen  (1986)  showed  Important  departures 
from  strictly  self-similar  flow. 

The  association  between  CMEs  and  X-ray  flare 
events  was  Investigated  by  Sheeley  et  al.(1983). 
They  found  that  the  probability  of  a  CHE  associ¬ 
ation  with  an  X-ray  flare  increases  with  the 
duration  of  the  X-ray  event.  Beyond  a  duration 
of  6  hrs  all  X-ray  flares  are  associated  with 
CMEs.  An  unexpected  result  of  the  Sheeley  et  al. 
study  was  that  even  the  shortest  duration  (<  2 
hr)  X-ray  flares  may  be  associated  with  CMEs  (see 
also  Webb  and  Hundhausen,  1986).  These  flares 
had  previously  been  thought  to  belong  to  a 
distinct  class  of  compact  flares  with  no  associ¬ 
ated  CMEs  (Rust  et  al. ,  1980). 

As  part  of  the  statistical  analysis  of  998 
Solwlnd  CMEs  observed  during  1979-81  Howard  et 
al.  (  1985)  reported  on  the  CME  structural  classes. 
They  used  10  categories  (Figure  2),  of  which  the 
three  “spike”  groups  -  spikes,  double  spikes,  and 
multiple  spikes  -  comprised  53Z  of  all  CMEs. 
They  also  rated  the  importance  of  each  event 
using  size  and  brightness  as  subjective  criteria. 
The  spike  events  dominated  the  lowest  importance 
(N)  group  but  were  a  small  component  ( ^  IbZ)  of 
the  highest  importance  (Y)  group.  Curved  tconts 
and  loops  were  ~  44X  of  the  Solwind  Y  events. 

The  distribution  of  77  Skylab  CME  structures  was 
reported  by  Munro  and  Sirae  (1985).  Two  of  their 
seven  morphological  categories,  loops  and  filled 
bottles  -  the  Skylab  analogs  of  the  Solwind  loops 
and  curved  fronts  -  comprised  36Z  of  the  total 
CMEs,  si'ilar  to  the  Solwind  Y  events.  Whether 
the  Solwind  spike  events  are  too  faint  to  be 
easily  detected  In  the  Skylab  and  C/P  observa¬ 
tions  and  whether  the  spike  events  are  really 
loop  structures  with  very  faint  loop  tops  arc 
open  questions  that  complicate  studies  of  CME 
occurrence  rates  and  morphologies. 

Additional  results  presented  In  the  1979-81 
Solwind  CME  survey  by  Howard  et  al.(l985)  are  as 
follows.  CMEs  occurred  over  a  broad  range  of 
latitudes  with  an  average  angular  span  of  46°. 

The  average  ejected  mass  was  4x10*^  gm,  and 
average  kinetic  energy  3.5xl()30  erg,  with  a  range 
of  about  a  factor  of  10^  for  both  parameters. 

The  curved  front,  halo  and  complex  CMEs  were  the 
most  energetic,  and  single  spike,  streamer 
blowout,  and  diffuse  fan  CME s  the  least  energetic. 
Howard  et  al.  calculate  the  CME  contribution  to 
the  equatorial  solar  wind  to  be  "  5Z.  Their 
average  Solwind  CME  leading  edge  speed  was  472  km 
s'1,  substantially  higher  than  the  Skylab  and  the 
1980  C/P  values  of  .340  km  s'*  (Hundhausen,  1986). 
CMEs  have  been  observed  to  move  outward  as  slowly 
as  14  km  s'1  (Fisher  and  Garcia,  1984)  and  as 
fast  as  1825  km  s'*  (Sheeley  et  al.  ,  1985). 

The  difficulties  Involved  In  deducing  the 
basic  CME  geometry  from  the  available  obser¬ 
vations  were  discussed  by  Fisher  (1984).  The 
competing  geometrical  concepts  are  the  planar 
loop  structure  and  the  three-dimensional  bubble. 
Halo  CMEs  observed  In  the  Solwind  coronagraph 
(Howard  et  al. ,  1982)  have  provided  support  for 
the  bubble  concept.  In  addition,  the  depleted 
coronal  region  following  a  typical  CME  was 
modelled  by  a  simple  three-dimensional  figure 


with  a  symmetry  axis  perpendicular  to  the  limb 
(Fisher  and  Munro,  1984).  As  a  result,  the 
bubble  geometry  is  now  favored  for  CMEs  (Wagner, 
1984). 

Metric  type  IV  bursts  are  sometimes  seen  in 
association  with  CMEs.  With  several  assumptions 
about  the  statistics  of  CMEs  and  type  IV  bursts, 
Cergely  ( 1986a, b)  concluded  that  the  mean  speed 
of  moving  type  IV  bursts  Is  less  than  that  of 
associated  CMEs  and  that  the  burst  regions  move 
behind  or  along  with  the  CME  leading  edges.  It 
had  been  thought  that  the  electron  densities  of 
Che  moving  t spe  IV  source  regions  were  too  low 
for  the  type  IV  emission  to  be  explained  by 
plasma  emission.  In  two  cases  (Stewart  et  al. , 
1982;  Cergely  et  al.,  1984a)  the  association  of 
moving  type  IV  bursts  with  dense  blobs  of  CMEs 
has  allowed  the  possibility  that  the  emission 
mechanism  could  be  plasma  emission,  although 
gy rosynchrotron  emission  could  not  be  ruled  out. 

A  similar  result  was  drawn  for  a  stationary  type 
[V  burst  located  in  the  leg  of  a  CME  (Gary  l* t 
al.,  1985).  The  high  density  ( —  3  Ox  background.) 
of  one  of  the  moving  type  IV  blobs  requirt J  a 
confining  magnetic  field  B  >  0.6  C  at  2.3  K,. 
(Stewart  et  ai . ,  1982).  Bird  et  al.(19b5)  iscd 
Faraday  rotation  and  spectral  broadening  irx.  .vure- 
ments  of  Hellos  radio  signals  Lo  deduce  the 
1 1  ne-of -sight  magnetic  fields  in  5  CMEs.  The;, 
report  values  of  10“^  to  10”*  C  at  2.5  Rq ,  lower 
by  a  factor  of  1 0- ! 0^  than  previous  estimates 
using  CME  radio  burst  emission.  Since  these 
earlier  values  were  based  on  the  questionable 
gy rosynchrot ron  interpretations  of  type  IV 
emission  or  were  represent  at i ve  of  the  densest 
parts  of  CMEs,  the  lower  values  of  Bird  et  al. 
may  be  better  estimates  of  this  parameter,  which 
is  fundamental  but  difficult  to  measure.  A  clos< 
association  between  stationary  type  IV  bursts  an.J 
CMEs  was  found  by  Robinson  ct  al.(l986).  A  tME 
may  be  a  necessary  condition  for  these  type  IV 
bursts,  and  nearly  half  of  all  CMEs  with  v  >  400 
km  s"1  were  associated  with  continuum  sources 
located  within  the  CMEs,  well  away  from  the 
leading  edge. 

MacQueen  (I960)  noted  that  for  the  average  CM), 
occurrence  rate  and  an  estimated  magnetic  flux 
present  in  each  CME,  the  total  flux  added  to  the 
interplanetary  medium  would  equal  the  observed 
background  flux  in  only  100  days.  To  prevent  an 
indefinite  flux  buildup  he  proposed  that  DIE 
loops  magnet  leal ly  disconnect,  leaving  a  loop 
that  returns  to  the  sun  and  a  closed  magnetic 
structure  that  continues  outward  Into  inter¬ 
planetary  space.  An  association  of  the  letter 
structures  with  magnetic  clouds  was  proposed  by 
Klein  and  Buriaga  (1982).  MacQueen  suggested 
that  the  lack  of  any  observed  loops  returning  to 
the  sun  was  due  to  a  low  loop  density  rendering 
It  invisible.  A  candidate  for  just  such  an  event 
was  reported  by  Illing  and  Hundhausen  (1983). 

The  feature  identified  as  the  lower  boundary  of 
the  closed  loop  moved  out  at  ~  175  km  s'1,  3  to  4 
times  faster  than  the  CME  leading  edge.  The  fan¬ 
shaped  region  connected  to  the  sun  then  contrac¬ 
ted  to  form  a  bright  coronal  ray.  The  radial 
speed  of  this  CME  was  unusually  low  (~  45 
km  s-i)  and  the  event  occurred  in  a  previously 
disrupted  streamer  (Webb,  1986),  so  this  event 
may  not  be  characteristic  of  most  CMEs.  Illing 
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and  Hundhausen  cite  factors  rendering  the 
observation  of  this  event  difficult,  but  point 
out  that  the  SMM-1  CME  data  set  contains  7  more 
candidates  for  disconnected  magnetic  structures. 
Gradual  hard  X-ray  bursts  (CHBs)  are  another 
phenomenon  which  may  be  Indicative  of  the 
terminal  phase  of  the  CME  event.  These  coronal 
bursts,  characterized  by  flat  hard  X-ray  spectra 
and  relatively  high  intensity,  low  frequency 
microwave  bursts,  occur  in  the  late  phases  of 
major  flares.  Nine  of  the  10  events  studied  by 
Oliver  et  al.(l986)  were  associated  with  CMEs. 

The  GHB  events  lasted  10-30  min  and  occurred  when 
the  CME  leading  edges  were  at  ~  2-4  RQ .  Oliver 
et  al.  interpreted  these  events  in  terms  of 
particle  acceleration  occurring  in  the  magnetic 
reconnection  regions  of  the  Kopp  and  Pneuman 
(1976)  model.  The  possible  disconnection  event 
of  II  ling  and  Hundhausen  would  appear  to  be  a 
much  later  and  less  energetic  phase  of  this 
phenomenon. 

CMEs  and  Shocks 

The  super-Alf ven  i  c  speeds  (>  400  km  s~ ^ )  of 
the  faster  CMEs  through  the  corona  have  made  then 
obvious  candidates  for  initiating  coronal  and 
interplanetary  shock  waves,  which  are  observed  as 
slow  drift  type  II  radio  bursts.  The  nearly  one- 
to-one  association  found  between  metric  type  II 
bursts  occurring  near  the  limb  and  Sky  lab  CMEs 
with  speeds  exceeding  400-500  km  s“^  (Cosling  et 
al.,  1976;  Munro  et  al.,  1979)  appeared  to  con¬ 
firm  this  expectation.  However,  results  of  the 
last  quadrennium  have  left  the  status  of  the 
CME/shock  relationship  quite  confused. 

Difficulties  arose  when  Shceley  et  al.(1984) 
and  Robinson  et  al.(l986)  compared  SoluinJ  CMEs 
with  Culgoora  metric  type  II  bursts.  Of  64  type 
II  bursts  70Z  were  associated  with  CMEs  but  30Z 
were  not.  Type  II  bursts  without  CMEs  were 
generally  simple,  had  high  starting  and  ending 
frequencies,  and  were  associated  with  short 
duration  (—  0.5  hr)  soft  X-ray  flares.  Those 
type  11  bursts  with  CMEs  showed  a  complexity 
correlated  with  CMK  speed,  had  lower  character¬ 
istic  frequencies,  and  were  associated  with  long 
duration  (~  3  hr)  soft  X-ray  flares.  When  typo 
II  bursts  were  accompanied  by  CMEs,  the  speeds  of 
those  CMEs  ranged  upward  from  400  km  s“**,  as 
found  for  the  Skylab  CMEs  by  Gosling  et  al. 

(1976).  However,  many  fast  CMEs,  including  4 
CMEs  with  measured  speeds  above  1000  km  s“  1  ,  were 
not  associated  with  metric  type  II  bursts. 

Shceley  et  al.(l984)  explained  the  type  II  bursts 
without  CMEs  as  blast  wave  shocks  (as  opposed  to 
the  “piston-driven"  shocks  of  CMEs).  They 
suggested  that  coronal  regions  of  unusually  high 
Alfven  speeds  resulted  in  fast  CMEs  without  type 
II  bursts. 

Kahler  et  al. (1984a)  extended  the  Solwind 
study  to  a  larger  sample  of  events  and  found  that 
about  60Z  of  all  type  II  bursts  associated  wiih 
flares  from  31*  to  90"  In  solar  longitude  were 
accompanied  by  observed  CMEs.  Sawyer  (1985),  on 
the  other  hand,  compared  Skylab,  Solwind,  and  C/P 
data  to  suggest  that  at  least  80X  of  type  II 
bursts  near  the  limb  are  associated  with  CMEs. 

In  their  examination  of  fast  (v  >  500  km  s~l) 
Solwind  CMEs  Kahler  et  al.( 1985a)  reported  that 
although  faster  CMKs  .ire  more  likely  to  be 


associated  with  type  IX  bursts,  about  33Z  of  all 
fast  frontside  CMEs  are  not  associated  with  such 
bursts. 

These  results  show  that  at  least  some  type  11 
bursts  may  be  Interpreted  as  blast  waves.  Wagner 
and  MacQueen  (1983)  have  suggested  that  even  when 
a  CME  i 8  associated  with  a  type  II  burst,  the 
Inferred  shock  Is  also  produced  as  a  blast  wave 
in  the  low  corona  and  proceeds  to  travel  through 
and  then  ahead  of  the  CME.  They  based  their  Idea 
on  several  observational  points  (Wagner,  1983): 
(l)  CME  trajectories  extrapolate  back  to  the 
inner  corona  to  times  earlier  than  the  impulsive 
phases  presumed  to  generate  the  flare  shocks 
(Sawyer,  1983;  Dulk,  1984;  MacQueen,  1985);  (2) 
evidence  for  type  tl  source  regions  behind, 
rather  than  ahead  of,  the  leading  edges  of  CMEs; 
and  (3)  speeds  of  type  II  bursts  in  excess  of  the 
CME  speeds.  Point  (1)  presents  a  problem  for  the 
earlier  shock  model  of  Maxwell  and  Dryer  (1981), 
In  which  the  CME  and  resulting  piston-driven 
shock  are  produced  in  the  flare  explosive  phase. 

It  the  CME  begins  to  erupt  well  before  the  flare 
starts,  then  the  shock,  which  usually  projects 
back  to  the  impulsive  phase  (Kahler  et  al., 

1984a),  must  be  a  blast  wave  following  the  CME. 

If  CMEs  and  coronal  shocks  are  not  cause  and 
effect,  we  have  to  ask  why  shocks  are  never 
observed  with  slow  (v  <  400  km  s“l)  CMEs.  In 
addition,  type  II  shocks  are  not  well  correlated 
with  the  fluxes  of  impulsive  3  cm  bursts  (Kahler 
et  at.,  1984a).  Evidence  for  point  (2)  is  meager 
because  only  several  CMEs  have  been  accompanied 
b/  radiohcllographic  (positional)  observations  of 
type  II  bursts.  The  three  type  II  bursts 
examined  by  Cary  et  al.(l984),  Stewart  et  al. 
(1982),  aid  Gergely  et  al.( 1984a)  appear  to  occur 
behind  the  CMF.  leading  edges.  However,  the 
analysis  of  a  fourth  event  by  Gary  et  al.(l986) 
suggests  a  shock  leading  the  CME.  Point  (3)  is 
substantiated  by  Cergely’s  (1986b)  finding  that 
the  average  speed  of  type  11  bursts  (1380  km  s-i) 
is  —  1.8  times  higher  than  that  of  CMEs  associ¬ 
ated  with  type  II  bursts  (~  820  km  s~l).  It 
should  be  noted  that  in  Cergely's  study  the  two 
groups  of  type  II  bursts  and  of  CMEs  had  few 
events  In  common.  In  addition,  the  derivation  of 
shock  speeds  depends  on  the  particular  coronal 
density  model  employed  to  interpret  the  type  II 
burst  drift  rates.  In  making  the  case  for 
piston-driven  shocks  Maxwell  (1986)  has  consid¬ 
ered  the  deduced  speeds  of  type  II  shocks  and 
emphasizes  the  lower  average  speeds  (760-930  km 
s-1)  reported  by  Robinson  (1985).  In  particular. 
Maxwell  is  critical  of  the  very  high  speed  (4900 
km  s"1)  deduced  by  Gergely  et  al.(l9H3)  for  a 
type  II  burst  shock  associated  with  a  CME. 

Maxwell  et  al.(1985)  discussed  an  event  In  which 
they  concluded  that  a  shock  moved  at  a  speed  of 
1000  km  s~l ,  presumably  just  ahead  of  the 
associated  CME  moving  with  a  speed  of  600-800  km 
s’1.  They  offer  this  event  as  one  in  agreement 
with  the  Maxwell  and  Dryer  (1981)  piston-driven 
shock  model.  Most  of  the  C/P  looplike  CMEs  are 
preceded  by  deflections  of  pre-existing  coronal 
features  ahead  of  the  CME  flanks,  suggesting  that 
waves  or  shocks  are  running  well  ahead  of  the  CMF. 
fronts  (Sime  and  Hundhausen,  1986).  The  two 
models  by  Steinolfson  (1984)  and  Wu  et  al.(1986) 
represent  a  new  approach  to  the  problem  of  type 
II  bursts  and  CMEs  and  address  points  (2)  and  (3) 
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above.  They  combined  numerical  simulations  of 
CME-driven  shocks  with  the  Holnan  and  Pesses 
(1983)  shock  drift  acceleration  mechanism  for 
type  11  burst  emission.  Although  the  radio 
generation  mechanisms  differ  in  the  two  models, 
the  type  II  sources  appear  below  the  CME  leading 
edge  in  projection,  and  show  high  apparent  speeds 
relative  to  the  CME.  These  models  therefore 
retain  the  piston-driven  shock,  but  account  for 
the  objections  cited  by  Wagner  and  MacQueen 
(1983)  and  Wagner  (1984).  In  summary,  the 
relationships  among  CMEs,  coronal  shocks,  and 
flare  impulsive  phases  remain  unsettled. 

In  contrast  to  coronal  shocks,  the  associ¬ 
ation  between  CMEs  and  interplanetary  shocks 
seems  relatively  simple.  Sheeley  et  al. (1983a, 
1985)  looked  for  Solwind  CMEs  associated  with 
shocks  detected  at  the  Hellos  1  spacecraft  when 
it  was  within  30*  of  a  solar  limb.  In  49  cases 
CMEs  were  found  with  appropriate  timings  and 
positions  for  confident  shock  associations,  18 
cases  were  possible,  and  only  1  doubtful. 
Associated  CMEs  were  generally  major  events  - 
relatively  large  and  bright.  In  the  reverse 
direction  Sheeley  et  al. (1983a)  examined  27  major 
CMEs  directed  toward  Helios  but  not  already 
associated  with  shocks.  17  of  these  were  not 
within  15°  of  the  ecliptic,  and  9  of  the  remain¬ 
ing  10  were  associated  with  some  kind  of  inter¬ 
planetary  disturbance.  These  results  indicate 
that  with  very  few  exceptions  interplanetary 
disturbances  are  produced  by  major  CMEs  and  are 
confined  in  latitude  to  within  15°  of  the  angular 
extents  of  the  CMEs  measured  at  10  RQ  (Michels  et 
al.,  1984a).  For  their  49  confident  associations 
the  average  CME  speed  (measured  in  the  plane  of 
the  sky)  was  749  km  s~*,  the  average  shock 
transit  speed  to  Hellos  was  744  km  s” l ,  and  the 
average  in  situ  shock  speed  at  Hellos  was  656  km 
s*1 ,  indicating  some  interplanetary  deceleration 
of  the  shock.  Interplanetary  deceleration  of 
shocks  was  also  found  by  Woo  et  al.(1985)  using 
spacecraft  Doppler  scintillation  measurements. 
Speeds  of  the  faster  shocks  near  the  sun  were 
considerably  higher  than  those  of  the  associated 
CMEs,  leaving  unclear  whether  the  shocks  were 
located  at  the  CME  front  or  were  moving  faster 
and  well  ahead  of  the  CME.  With  the  excellent 
correlation  found  between  Helios  shocks  and 
Solwind  CMEs,  it  is  not  surprising  that  an 
initial  comparison  of  Interplanetary  type  li 
radio  bursts  with  Solwind  CMEs  also  shows  a 
similar  association  (Cane  and  Stone,  1984). 

While  all  transient  interplanetary  shocks 
appear  at  least  Initially  to  be  piston-driven  by 
CMEs,  our  understanding  of  the  relationship 
between  coronal  shocks  and  interplanetary  shocks 
Is  as  muddled  as  that  between  coronal  shocks  and 
CMEs.  A  major  problem  here  is  that  the  lack  of 
observations  between  2  and  20  MHz  does  not  allow 
us  to  determine  whether  coronal  type  II  shocks 
evolve  into  interplanetary  shocks.  Sheeley  et 
al . (1984)  presented  evidence  that  metric  type  ll 
shocks  without  CMEs  do  not  give  rise  to  inter¬ 
planetary  shocks.  Cane  (1984)  has  suggested  the 
concept  of  two  independent  shocks,  a  blast-wave 
coronal  shock  (Wagner  and  MacQueen,  1983)  and  a 
piston-driven  interplanetary  shock.  She  dis¬ 
cusses  several  objections  to  her  model  including: 
(l)  most  interplanetary  type  II  bursts  are 
preceded  by  coronal  type  II  bursts;  (2)  coronal 


type  II  bursts  associated  with  interplanetary 
type  11  bursts  have  statistically  lower  starting 
frequencies  than  all  coronal  type  II  bursts 
(Robinson  et  al . ,  1984),  suggesting  a  relation¬ 
ship  between  the  two  kinds  of  bursts;  and  (3) 
energetic  coronal  type  II  bursts  are  character¬ 
ized  by  herringbone  emission,  presumed  due  to  the 
escape  of  energetic  electrons  along  open  field 
lines  not  supposed  to  be  present  in  CMEs. 

The  close  association  between  solar  energetic 
particle  (SEP)  events  and  coronal  shocks  (Lee, 
1983)  suggests  that  CMEs  may  also  be  linked  to 
SEP  events.  Kahler  et  al.(1984'j)  found  that  26 
of  27  SEP  (E  >  4  Hev)  events  could  be  associated 
with  CMEs.  In  addition,  the  peak  proton  fluxes 
were  correlated  with  both  OiE  speeds  and  CME 
angular  sizes.  However,  no  CME  associations 
could  be  made  for  a  few  events,  now  thought  to  be 
electron-rich  particle  events  (Cane  et  al. , 

1986).  In  addition,  no  significant  CME  or  type 
II  burst  associations  were  found  for  ^lie-rich 
events  (Kahler  et  al.,  1985b). 


Interplanetary  Observations  and  Effects  of  CMEs 

The  zodiacal  light  photometers  on  board  the 
Helios  spacecraft  allow  low-resolution  imaging  of 
CMEs  at  large  distances  (~  15  R0  to  1  AU )  from 
the  sun  (Jackson  et  al, ,  1985).  To  date  9  CMEs 
observed  by  either  Solwind  or  the  C/H  instruments 
have  been  compared  to  Helios  observations 
(Jackson,  1985a,b;  1986a, b) .  In  general,  the 
gross  features  deduced  for  Lhese  CMEs  at  ~  0.5  AU 
are  quite  similar  to  those  deduced  from  the 
coronagraph  observations.  The  speeds  and  angular 
extents  are  quite  similar,  indicating  no  major 
changes  other  than  a  simple  expansion  of  these 
9  events  as  they  travelled  through  the  interplan¬ 
etary  medium.  The  masses,  however,  are  several 
times  larger  than  those  deduced  from  coronagraph 
data.  Whether  this  is  due  to  additional  mans 
flow  from  the  corona  or  to  ambient  solar  wind 
plasma  compressed  ahead  of  the  CME  is  not  known. 

It  is  of  obvious  interest  to  make  in  situ 
measurements  of  CMEs  at  the  earth.  Cor onagr a;  !. 
observations  of  CMEs  are  strongly  biased  toward 
those  events  located  above  the  solar  limbs,  ..o 
that  in  general,  Earth-directed  CMEs,  except  for 
Che  few  halo  events  (Howard  et  al.,  I9K2),  will 
not  be  observed.  However,  the  signature  of  a 
major  interplanetary  disturbance  directed  at  the 
Earth  has  long  been  known:  (l)  a  large  solar 
flare  followed  1  to  .✓  days  later  by  (2)  the 
arrival  of  aa  interplanetary  shock  resulting  in  a 
geomagnetic  storm  sudden  commencement  and  (3)  a 
subsequent  storm  and  For bush  decrease  lasting  l 
to  10  days,  often  accompanied  by  (4)  solar  wind 
of  enhanced  helium  abundance.  Since  we  have  seen 
that  large  flares  and  interplanetary  shocks  are 
well  associated  with  CMEs,  we  might  expect  the 
characterization  of  CMEs  at  r he  earth  to  be  a 
fairly  straightforward  task.  For  several  reasons 
the  situation  is  still  regrettably  muddled. 

Borrini  et  al. (1982a, b;  1983)  have  taken  an 
obvious  approach  to  studies  of  CMEs  at  the  earth. 
They  analyzed  the  103  forward  shocks  and  73  cases 
of  solar  wind  helium  abundance  enhancements  (He/H 
>  10Z  for  >  2  hrs)  observed  during  1971-1978  with 
the  Los  Alamos  plasma  instruments  on  INF  6,  7, 
and  8.  Helium  enrichments  (He/H  >  82)  followed 
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46Z  of  the  shocks,  and,  conversely,  shocks  were 
associated  with  44X  of  the  helium  enhancements. 
The  helium  enrichments  followed  the  solar  cycle 
in  frequency  of  occurrence  and  were  often  associ¬ 
ated  with  solar  type  II  and  IV  radio  bursts. 

They  preferentially  occurred  in  regions  of  low 
proton  temperature  and  high  magnetic  field  behind 
the  strongest  shocks.  Borrini  et  al.  concluded 
that  virtually  all  the  shocks  and  helium  enhance¬ 
ments  of  their  studies  were  associated  with  CHEs. 
Because  the  frequency  of  their  shocks  and  helium 
abundances  at  the  earth  is  touch  lower  than  the 
expected  incidence  of  CMEs,  they  suggested  that 
other  CMEs  may  have  weaker  or  different  plasma 
signatures.  Some  noncomp re sslve  density  enhance¬ 
ments  may  arise  from  CMEs  (Feniraore,  1980). 

An  examination  of  the  driver  gas  of  9  shocks 
(Zwlckl  et  al. ,  1983)  Indicated  that  helium 
enrichments  usually  have  time  scales  of  minutes 
and  can  occur  anywhere  within  the  low  temperature 
regions  that  follow  the  shell  of  shocked  ambient 
plasma.  From  this  Zwickl  et  al.  suggest  a  patchy 
distribution  of  the  helium  enriched  material 
within  the  cold  driver  gas.  In  this  model  it  is 
possible  to  observe  the  shock  without  detecting 
driver  gas,  which  is  consistent  with  their 
finding  of  a  “well  defined“  driver  gas  after  only 
9  of  34  shocks  observed  in  1978-1979.  Another 
kind  of  solar  wind  helium  enrichment,  that  of  He* 
relative  to  the  normal  ion  He**,  also  appears 
promising  as  a  signature  of  the  cool  filamentary 
material  known  to  be  ejected  in  many  CMEs  filling 
and  Hundhausen,  1983).  Cane  et  al.(l986)  find 
that  at  least  6  of  the  13  or  so  reports  of  He* 
(Bame,  1983)  can  be  associated  with  solar 
filament  eruptions.  Unfortunately,  the  Los 
Alamos  IMP  and  ISEE  plasma  detectors  were  not 
designed  with  a  high  sensitivity  to  such  an 
exotic  ion  (Bame,  1983);  otherwise  the  1  AU 
passage  of  filamentary  material  mich'  have  been 
routinely  detected. 

The  magnetic  loops  inferred  to  exist  behind 
shocks  in  interplanetary  space  motivated  Klein 
and  Burlaga  (1982)  to  define  an  interplanetary 
magnetic  structure  which  they  call  a  magnetic 
cloud.  These  are  regions  with  radial  dimensions 
of  —  0.23  AU  at  1  AU  in  which  the  magnetic  field 
strengths  are  high  and  the  field  direction 
changes  by  the  rotation  of  one  component  nearly 
parallel  to  a  plane.  This  geometry  is  consistent 
with  a  magnetic  loop  or  helix.  Klein  and  Burlaga 
identified  45  clouds  near  earth  from  1967  to 
1978.  Each  cloud  was  associated  with  either  a 
shock,  a  stream  Interface  or  a  cold  magnetic 
enhancement  (for  which  they  used  the  ambiguous 
acronym  CME).  Because  the  field  and  plasma 
parameters  are  similar  for  clouds  of  each  class, 
they  suggest  all  clouds  are  the  manifestations  of 
a  single  phenomenon,  a  CME.  The  observed  masses 
(~  2x10^  g)  ,  speeds  (400-500  km  s“l),  magnetic 
field  strengths  (~  12  nT),  and  occurrence  rates 
(0.5  to  1  cloud/month)  are  all  consistent  with 
the  identification  of  coronal  clouds  as  CMEs. 

The  total  pressures  of  magnetic  clouds  exceeded 
those  of  the  ambient  plasmas,  so  cloud  expansions 
were  inferred.  A  study  of  5  clouds  between  2  and 
4  AU  (Burlaga  and  Behannon,  1982)  showed  that  the 
clouds  persisted  out  to  those  distances  with 
estimated  expansion  speeds  of  nearly  half  the 
Alfven  speed.  A  good  case  of  an  association 
between  a  CME  observed  over  Ihc  west  limb  by 


Solwind  and  a  magnetic  cloud  observed  at  0.54  AU 
by  Hellos  1  two  days  later  was  presented  by 
Burlaga  et  al.(L982). 

While  Klein  and  Burlaga  argued  for  an  assoc¬ 
iation  between  CMEs  and  magnetic  clouds  on 
statistical  grounds,  Wilson  and  Hlldner  (1984) 
sought  direct  CME  associations  for  the  post-1970 
clouds  using  proxy  solar  data  for  the  occurrences 
of  CMEs.  They  compared  four  kinds  of  events  (Ha 
flares,  type  II  and  IV  radio  bursts,  graduai- 
rlse-and-f all  radio  bursts,  and  soft  X-ray 
events)  during  appropriate  cloud  launch  windows 
with  similar  events  during  no-cloud  control 
periods.  Comparing  the  four  kinds  of  proxy  data 
for  the  three  classes  of  magnetic  clouds,  tne* 
found  that  in  one  case  -  type  II  bursts  for  the  9 
cases  of  clouds  following  shocks  -  a  significant 
signal  emerged.  This  result  supports  the 
CME/  magnetic  cloud  hypothesis  only  for  the 
clouds  following  shocks.  Wilson  and  Hlldner 
(1986)  compared  the  magnetic  clouds  observed 
between  1967  and  mld-1974  with  solar  filament 
disappearances  during  the  cloud  launch  windows. 

17  of  the  33  cloud  windows  contained  one  or  more 
disappearing  filaments,  compared  to  only  7  of  the 
33  control  windows.  Although  less  than  a  one-to- 
one  correlation,  this  result  is  further  statis¬ 
tically  significant  evidence  for  the  CME/raagnetic 
cloud  hypothesis. 

There  are  several  qualifications  to  the  link 
between  CMEs  and  magnetic  clouds.  First,  the  CME 
loop  structure  which  helped  inspire  the  idea  of 
coronal  clouds  is  observed  in  less  than  half  the 
Skylab  (Munro  and  Sime,  1985)  and  the  Solwind 
(Howard  et  al.,  1985)  CMEs.  The  magnetic 
structures  of  cloud,  streamer  blowout,  spike, 
ray,  and  fan  CMEs  are  not  known.  Second,  the 
definition  of  clouds  adopted  by  Klein  and  Burlaga 
(1982)  restricts  the  presumed  magnetic  loops  to 
those  with  loop  axes  (corresponding  to  the 
minimum  variance  direction)  close  (<  45°)  to  the 
ecliptic  plane,  thus  excluding  possible  loops 
with  axes  nearly  perpendicular  to  the  ecliptic. 

In  summary,  It  appears  that  some  of  the  identi¬ 
fied  magnetic  clouds  correspond  to  CMEs,  but  many 
other  CMEs  drift  past  the  earth  eluding  detec¬ 
tion. 

The  Future 

While  recent  studies  have  advanced  our  under¬ 
standing  of  CMEs,  they  have  been  paralleled  by 
vexing  inconsistencies  and  uncertainties.  This 
has  been  particularly  acute  in  comparing  the 
occurrence  rates,  angular  widths,  morphologies, 
forerunners,  and  even  speeds  of  the  Skylab  and 
C/P  observations  with  those  of  the  Solwind 
observations.  This  situation  may  prove  to  be 
fortuitous  if  it  leads  the  HA0  and  NRL  groups  to 
a  deepe'  understanding  of  the  effects  of  the 
differences  between  their  coronagraphs  and 
between  the  techniques  used  for  measuring  the 
properties  of  CMEs.  We  also  have  to  be  cautious 
of  some  results  which  are  based  on  small  or 
selected  samples  of  events,  often  necessarily  so 
restricted.  However,  we  have  also  been  frus¬ 
trated  in  cases  with  large  data  samples.  An 
egregious  example  is  that  of  the  relationship 
between  metric  type  11  bursts  and  CMEs,  for  which 
no  simple  or  consistent  picture  has  yet  emerged. 

Future  observational  work  should  be  partic¬ 
ularly  fruitful  in  revealing  the  origin  of  CMEs 
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and  their  role  in  coronal  evolution.  The  IIAO  and 
NRL  groups  are  now  using  synoptic  observations  to 
Investigate  the  ambient  coronal  structures  from 
which  CHEs  arise.  This  work  may  help  in  under¬ 
standing  the  currently  undefined  relationship  of 
the  large  preflare  and  postflare  coronal  X-ray 
arches  to  CMEs.  It  may  also  help  to  delineate 
the  differences  between  prominence-  and  flare- 
associated  CMEs,  perhaps  in  terms  of  closed  and 
open  magnetic  field  configurations.  The  accel¬ 
eration  profiles  of  CMEs  and  the  nature  of  the 
interaction' of  forerunners  with  the  ambient 
corona  have  yet  to  be  examined.  We  also  need  to 
look  at  the  coronal  aftermath  of  CMEs.  How  long 
does  the  corona  remain  open  after  a  CME,  how  much 
total  mass  escapes,  and  how  does  the  corona 
subsequently  evolve?  All  these  questions  can 
only  be  answered  with  a  detailed  quantitative 
analysis  of  the  coconagraph  data  requiring  more 
effort  than  the  identification  and  compilation  of 
CME  properties  characteristic  of  past  studies. 


More  work  can  also  be  expected  on  the  physics  of 
eruptive  prominences.  They  are  directly  observed 
to  be  an  important  component  in  many  CMEs  and 
their  cool  Ions  may  be  observed  in  the  solar  wind 
and  possibly  in  energetic  particle  events  at  l 
AU.  Their  detailed  structures  may  provide  clues 
to  stability  criteria  and  eruptive  forces.  They 
also  serve  as  the  readily  observed  disk  signa¬ 
tures  of  CMEs.  Finally,  there  Is  a  strong  need 
to  push  further  efforts  in  CME  theory  and 
modelling.  In  particular,  we  need  to  keep  In 
mind  the  three-dimensional  nature  of  CMEs  and  to 
explore  the  implications  of  the  third  dimension 
for  the  disconnection  process. 
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Abstract.  We  use  Ha,  X-ray,  and  kilomctric  radio  data  to  examine  the  solar  coronal  activity  associated  with 
energetic  l  McV/nucI  ')  3Hc-rich  particle  events  observed  near  Earth.  The  basis  of  the  study  is  the 
I  2  'Hc-rich  events  observed  in  association  with  impulsive  2  to  1 00  kcV  electron  events  reported  by  Rcamcs 
et  al.  (1985).  We  find  that  when  Ha  and  X-ray  brightcnings  can  be  associated  with  3Hc/clcctron  events,  they 
have  onsets  coinciding  to  within  1  min  of  that  of  the  associated  metric  type  HI  bursts.  In  three  or  four  events 
wc  found  no  associated  Ha  or  ..  ray  flares,  and  in  two  events  even  the  metric  type  HI  bursts  were  weak 
or  absent.  The  measured  low-energy  (2  keV)  electron  spectra  for  these  events  show  no  evidence  of  a 
flattening  due  to  Coulomb  collisiona!  losses.  These  results  and  scseral  other  recent  findings  arc  consistent 
with  the  idea  that  the  Mlc/clectron  events  arc  due  to  particle  acceleration  in  the  corona  well  above  the 
associated  Ha  and  X-ray  flares 


1.  Introduction 

It  is  now  clear  that  3Hc-rich  solar  energetic  particle  (SEP)  events  arc  a  distinct  class, 
distinguished  from  the  SEP  events  of  greater  (luxes  and  energies  not  only  by  their 
anomalous  He  isotopic  composition,  but  also  by  their  lack  of  association  with  metric 
type  II  bursts  and  coronal  mass  ejections  (Kahlcref  ai.,  1985).  A  detailed  study  of  twelve 
observed  3He-rich  events  suggests  that  >  1.3  MeV  3Hc  ions  arc  impulsively  accelerated 
and  injected  into  interplanetary  space  along  with  impulsive  2  to  100  keV  electrons 
(Reameset  al,  1985;  hereafter  referred  to  as  RvL).  In  that  study  energetic  electrons  were 
observed  with  each  of  the  3He-rich  events  and  the  times  of  onset  and  maximum  for  the 
3 He  and  electron  increases  were  closely  related  by  velocity  dispersion.  More  recently, 

Rcamcs  and  Lin  (1985)  have  examined  the  inverse  relationship  by  asking  how  many 
solar  electron  events  are  accompanied  by  3He  particles.  They  found  3Hc  present  in  over 
half  the  2  keV  electron  events  and  in  two  thirds  of  the  19  keV  electron  events,  suggesting 
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that  with  greater  collecting  efficiency  3He  particles  would  be  found  in  all  electron  events 
We  will  refer  to  these  events  as  3Hc/cicctron  events  to  indicate  the  common  origin  of 
the  two  particle  species.  The  low  fluxes  and  slow  speeds  of  the  E  ~  1  MeV  nucl  “  1  ’He 
ions  render  the  solar  injection  times  uncertain,  but  the  close  associations  of  the  electron 
events  with  fast  drift  type  Ill  radio  bursts  provide  the  relatively  precise  timings  needed 
to  make  the  associations  of  the  particle  events  with  solar  phenomena. 

In  this  paper  we  examine  the  characteristics  of  the  solar  Ha  and  X-ray  flares  and  the 
metric  and  kilomctric  type  III  bursts  associated  with  the  12  5Hc/clcctron  events  studied 
by  RvL.  The  flare  associations  arc  based  on  the  timings  of  the  Ha  and  X-ray  flares  and 
on  the  positional  information  derived  from  the  kilomctric  type  III  bursts.  We  use  the 
results  of  these  associations  and  the  shapes  of  the  interplanetary  electron  spectra  to  infer 
the  coronal  heights  of  the  acceleration  regions. 

2.  Ha  Flare  Associations 

The  times  of  the  12  events,  taken  from  RvL.  arc  given  in  Table  I  Several  of  these  events 
occurred  on  the  same  day  and  in  these  eases  arc  associated  with  H  a  flares  in  the  same 

TABLE  I 

’Me  electron  events 


Date 

Metric  type  III 

Approx. 

location 

!la 

onset  UT 

Ml  Math  T  otal  1 8  hr 
region  km  t\pc  III 

I  otal  w  ith 
reported 

H  a  flares 

Start  UT 

Gass 

8  Nov.  1978 

17  >|' 

3GG 

NI8  EI2 

17.51 

64  3 

2 

2 

27  Nov.,  1978 

20  :  56 

3GG 

N26  W47* 

20  :  55 

672 

6 

0 

(673) 

(3) 

26  Dee.,  1978 

<13  |9)* 

_ 

S2I  W4 ld 

- 

7  21 

l  4 

o 

26  Dee  .  1978 

2!  :  22r 

WNG* 

S2I  W45* 

21  .  04 

721 

1 

10  Feb  .  19/9 

18  18 

3GG 

NI3  W23” 

<  1 8  00 

807 

6 

(808) 

(1) 

17  May.  1979 

05  58' 

2G 

S35  W78” 

05  5 1 

996 

12 

3 

(010) 

(0) 

14  Aug  .  1979 

17  :  28 

3GG 

S  i  8  W45 

17  28 

205 

A 

14  Aug  .  1979 

20  48 

3GG 

S 1 7  W48 

20  4S 

205 

1  4 

* 

6  Sept..  1979 

09  :  06' 

2GG 

N20  W62 

09 . 06 

252 

6  Sept  .  1979 

1 1  38r 

3GG 

Nr  W65-  ' 

11  39 

252 

1 1  ;  48r 

3G 

NI8  W67* 

11  :  48 

252 

10 

5 

6  Sept..  1979 

13;  32' 

3GG 

N16  W63 

13:  32 

252 

6  Sept,  1979 

1 3  ;  5 1 r 

2GG 

NI6  W65* 

18:50 

252 

•  Flare  not  listed  in  SGD,  but  found  in  visual  inspection  of  Ha  patrol  films. 

b  Flare  not  listed  in  SGD;  observed  Baring  activity  probably  not  associated  with  type  III  burst. 

*  Weak  intermittent  group  lasting  more  than  I  hr;  the  start  lime  of  the  1980  kHz  burst  was  21  :  24  UT. 
d  No  event  found  in  inspection  of  Ha  patrol  films  (P.  Simon,  private  communication) 

*  Both  flares  probably  contributed  to  the  5He/e!ectron  event  since  each  was  associated  with  an  intense 
kilomctric  type  III  burst. 

'  ’lie  and  electron  flux  profiles  for  these  events  are  illustrated  in  Rvl. 

•  Start  lime  of  1980  kHz  burst 
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active  region.  In  each  case  we  give  the  time  of  the  onset  and  the  maximum  reported  burst 
size  of  the  associated  metric  type  III  radio  burst.  The  approximate  flare  sites  and 
McMath  region  numbers,  based  on  both  reported  Ha  flares  ( Solar-Geophysical  Data, 
1978-1980)  and  inspection  of  Ha  patrol  films,  arc  also  listed.  All  Ha  events  were 
subflarcs  except  for  the  8  November  event,  which  was  a  IB  flare. 

Each  ’Hc/clcctron  event  was  associated  with  a  prominent  kilometric  type  III  burst 
observed  with  the  solar  radio  experiment  on  IS  EE-3.  The  experiment  has  been  described 
briefly  by  Cane  et  til.  (1982)  and  the  techniques  of  calculating  antenna  temperatures  and 
solar  elongation  angles  by  Bougcret  et  al.  (1984)  By  measuring  the  elongation  angles 
to  the  centroids  of  the  radio  emission  regions  and  using  a  model  of  the  interplanetary 
plasma  density  (Bougcret  et  at.,  1984)  to  relate  emission  frequency  to  radial  distance, 
the  trajectory  of  the  electron  population  can  be  plotted  as  it  moves  from  the  Sun  to  the 
Earth.  We  show  the  trajectory  of  the  17  May,  1979  event  in  Figure  1.  In  this  ease  we 

EAST  WEST 


rig  1  Tlic  type  til  burs!  trajectory  of  the  17  May.  1979  event  of  Table  I  The  frequencies  in  kilohertz  arc 
shown  at  points  along  the  trajectory,  which  is  projected  onto  the  ecliptic  plane  The  1980  kHz  point  lies 
at  a  longitude  of  W74a,  in  good  agreement  with  the  solar  source  region  al  W  7  8  ° 


see  a  good  match  between  the  angle  subtended  by  the  1980  kHz  burst  position  and  the 
solar  flare  longitude.  In  general,  the  kilometric  type  HI  burst  defines  the  source  of  the 
associated  JHe/eIcctron  event  with  good  timing  and  a  solar  longitudinal  position  to 
within  about  +25°. 

We  find,  however,  that  making  an  Ha  flare  association  with  the  kilometric  type  III 
burst  is  often  difficult.  In  some  eases  there  may  be  several  candidate  Ha  flares  or 
brightenings  and  in  other  eases  no  such  candidates  exist.  A  solution  to  this  problem  lies 
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in  the  fad  that  each  lype  III  burst  of  Table  I  is  one  of  a  family  of  such  bursts,  all  of  which 
occur  over  a  period  of  ~  1  day  and  show  nearly  identical  solar  elongation  angles  as  a 
function  of  radio  frequency.  This  suggests  that  a  particular  solar  region  is  the  source  of 
each  of  these  bursts  in  which  the  energetic  electrons  producing  the  bursts  traverse  similar 
paths  through  the  outer  corona.  Figure  2  shows  an  example  of  sue h  bursts  during  a  6  hr 
interval  on  14  August,  1979. 


Fig  2.  466  kHz  data  ftom  ihc  ISEF.-3  radio  cipcnmcm  on  14  August.  I'<79.  Top  panel  shows  the  burst 

solar  elongation  angle,  <p.  Three  families  of  bursts  labeled  A.  B.  and  C  were  present  during  ihc  6  hr  interval 
B  events  were  associated  with  McMath  205.  The  B  event  beginning  at  17  30  UT  w  as  associated  with  a 
’Hc/electron  event  C  events  were  probably  associated  with  McMath  224  in  the  eastern  hemisphere  The 
a  parameter  of  the  middle  panel  is  a  measure  of  the  apparent  size  of  the  source  region,  with  unity  indicating 
a  point  source  The  bottom  panel  is  a  plot  of  antenna  temperature  TA  for  the  averaged  rotating  (despun) 
antenna.  The  start  and  end  times  and  longitudes  of  the  reported  H  a  Hares  are  also  show  n 


By  associating  reported  Hot  flares  with  each  faintly  of  bursts,  we  can  expect  to  gain 
confidence  in  making  the  correct  Hot  flare  association  for  the  particular  burst  with  the 
’Hc/electron  event.  We  have  listed  in  Table  I  the  number  of  prominent  kilomclric 
type  III  bursts  in  each  family  during  an  18  hr  period  around  the  time  of  the  3He/clcctron 
burst.  The  last  column  gives  the  number  of  bursts  possibly  associated  on  the  basis  of 
the  timings  with  reported  Ha  flares  in  the  active  region  presumed  to  be  the  source  of 
the  3Hc/electron  event.  Numbers  in  parentheses  are  the  numbers  of  bursts  possibly 
associated  with  reported  Ha  flares  in  alternative  candidate  McMath  regions  for  the 
three  dates  for  which  the  active  region  is  in  some  doubt.  The  fact  that  3  of  the  4  events 
of  6  September  and  both  14  August  events  were  associated  with  reported  Ha  flares  in 
the  same  regions  provides  a  measure  of  confidence  in  this  technique.  In  two  of  the  three 
events  with  questionable  active  region  associations  we  see  that  the  Ha  flare  associations 
of  the  alternative  regions  are  worse  than  for  the  preferred  active  regions,  although  the 
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stalislics  arc  limited.  Two  of  the  three  27  November  Ha  flares  in  McMath  673,  the 
alternative  region  given  in  Table  I,  peaked  well  before  the  onsets  of  the  metric  type  III 
bursts  and  for  that  reason  were  probably  not  correctly  associated  with  the  kilomclric 
events  of  Table  I. 

Using  only  the  kilomclric  and  reported  Ha  flare  data,  we  could  have  selected  the 
preferred  region  for  all  the  3Hc/c!cctron  events  except  for  the  27  November  event  and 
the  two  on  26  December.  In  the  latter  case  no  choice  could  be  made.  On  the  other  hand, 
by  ignoring  the  kilomclric  data  and  looking  only  for  reported  Ha  flares  at  well  connected 
longitudes,  we  would  have  found  no  associated  flares  for  4  or  5  of  the  3Hc/clcctron 
events  and  would  have  misidenlified  the  source  regions  in  two  or  three  other  eases.  The 
8  November  event  would  have  been  associated  with  a  reported  subflarc  at  W61  in 
McMath  635  and  the  10  February  event  with  a  reported  subflare  at  W2I  in 
McMath  80S.  An  examination  of  the  H  a  films  from  Big  Bear  Solar  Observatory  shows 
that  in  neither  of  these  eases  could  a  significant  brightening  be  observed  in  the  region 
at  the  lime  of  the  reported  subflarc.  The  reported  Ha  flare  in  McMath  673  on 
27  November  was  short  in  duration,  ending  at  20  :  55  UT,  1  min  before  the  type  III 
burst  onset.  Whether  this  flare  association  would  have  been  made  depends  on  the  timing 
criteria  used  The  result  is  that  the  use  of  only  reported  Ha  flares  and  timings  of  the 
metric  type  III  bursts  would  have  yielded  correct  flare  source  regions  for  only  5  of  the 
1 2  events  of  Table  I 


3.  Ha  and  X-Ray  Flare  Timings 

It  is  of  interest  to  examine  the  timing  relationship  between  the  metric  type  III  bursts  and 
the  associated  Ha  flares  of  the  last  column  of  Table  I.  For  the  six  events  of  8  November, 
14  August,  and  6  September  with  reported  Ha  flares,  the  onsets  of  the  metric  type  II! 
bursts  and  the  associated  Ha  flares  were  within  1  min  of  each  other.  This  was  also  the 
ease  for  the  small  unreported  Ha  flares  we  observed  in  the  Big  Bear  Solar  Observatory 
films  for  the  3Hc/clcctron  events  of  27  November  and  1 1  :  39  UT  and  18  :  50  UT  on 
6  September.  The  weak,  extended  intermittent  type  III  activity  of  the  21  :  22  UT 
26  December  event  was  apparently  accompanied  by  motions  of  a  small  clumpy  filament 
with  very  weak  associated  brightenings  in  McMath  721  beginning  at  21  :  04  UT.  The 
filament  began  showing  large  morphological  changes  about  21  :  25  UT,  within  1  min  of 
the  onset  of  the  1980  kHz  type  III  burst.  On  the  other  hand,  the  onsets  of  the  2  Ha  flares 
reported  on  10  February  in  McMath  807  occurred  10  min  or  more  before  the  associated 
type  III  bursts,  and  the  suspected  17  May  Ha  flare  brightening  associated  with  the 
•'He/electron  event  was  observed  to  begin  7  min  prior  to  the  type  III  burst  onset 
(C.  Wright,  private  communication). 

In  view  of  the  excellent  agreement  between  the  type  III  and  Ha  onsets  for  most  of 
the  events  of  Table  I,  we  may  ask  why  the  agreement  is  so  poor  for  the  3He/clcctron 
events  of  10  February  and  17  May.  Although  Ha  brightenings  in  the  appropriate  regions 
were  found,  it  seems  more  likely  that  in  those  eases  no  obvious  chromospheric  activity 
occurred  in  true  association  with  the  type  III  activity.  All  the  events  of  Table  I  appear 
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consistcnl  wall  the  hypothesis  that  some  of  the  kilometric  type  III  bursts  arc  un¬ 
accompanied  by  Ha  brightenings,  but  when  an  Ha  brightening  docs  occur,  the 
brightening  onset  closely  coincides  within  I  min  of  the  type  III  onset.  The  5  to  15  kcV 
X-ray  data  from  the  UC  Berkeley  detector  on  1S0E-3  (Anderson  el  al.,  1978)  support 
this  conclusion  for  the  3He/clcctron  events.  Data  for  the  26  December,  1 0  February,  and 
17  May  3Hc/clcclron  events  show  no  obvious  low-energy  X-ray  events  near  the  times 
of  the  type  III  burst  onsets.  For  all  other  3Hc/clectron  events  the  X-ray  onsets  appeared 
within  1  nun  of  the  type  III  onsets.  Both  the  Ha  and  the  X-ray  observations  suggest  that 
clear  flare  signatures  were  present  in  the  eight  3He/clcctron  events  of  8  and  27  November, 
14  August,  and  6  September,  but  were  absent  in  the  3  events  of  13:19  UT  26  December, 
10  February,  and  17  May.  The  signature  of  21  :  04  UT  26  December  is  unclear. 

4.  The  Interplanetary  Electron  Spectra 

Wc  have  examined  the  event-averaged  electron  energy  spectra  for  all  the  3Hc/clcctron 
events  of  Table  I.  In  each  case  the  spectral  slopes  show'  no  evidence  of  flattening  down 
to  the  lowest  measured  energy  of  2  kcV  If  wc  assume  that  a  power-law  spectrum,  as 
measured  for  the  17  May,  1979  event  (sec  Figure  10  of  RvL),  characterizes  the  electron 
acceleration  process,  then  the  observed  low-energy  end  of  the  spectrum  can  be  inter¬ 
preted  in  terms  of  an  upper  limit  to  the  amount  of  material  traversed  by  the  accelerated 
electrons.  By  assuming  an  appropriate  coronal  density  model,  the  minimum  height  of 
the  acceleration  region  can  be  calculated  Using  the  procedure  of  Lin  (1974)  and  the 
average  corona  characteristic  of  solar  minimum  (Fainberg  and  Stone,  1974),  wc 
calculate  a  minimum  height  of  0.2  R„  ( >  1 .4  x  It)3  km  above  the  photosphere)  for  the 
acceleration  region 


5.  3Hc/Elcctron  Event  Flare  Characteristics 

Wc  looked  for  evidence  of  an  energetic  impulsive  phase  in  each  of  the  ’He'clcclron 
events.  Only  the  three  events  of  8  November  and  14  August  were  associated  with 
reported  microwave  bursts.  These  three  were  also  the  only  events  with  impulsive  bursts 
in  the  12  to  20  kcV  energy  range  of  the  ISEE-3  X-ray  detector. 

An  examination  of  the  Ha  flare  sites  of  the  3He/elcclron  events  shows  that  the  flares 
of  the  8  November,  14  August,  and  6  September  (sec  Figure  3)  events  all  occurred  close 
to  sunspots.  The  27  November  flare  occurred  in  an  old  spotless  region,  and  the 
26  December  source  region  was  rather  similar.  The  10  February  and  17  May  source 
plage  regions  were  bright  and  with  spots,  but,  as  discussed  above,  no  flares  could  be 
associated  with  the  3He/elcctron  events.  The  21 :  04  UT  26  December,  and  09  :  06  UT 
and  11:48  UT  events  of  6  September  definitely  had  filament  eruptions.  With  the 
possible  exception  of  the  8  November  event,  the  other  flares  did  not.  Other  than  their 
small  sizes,  there  is  no  obvious  common  characteristic  of  the  Ha  flares. 
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Fig.  3.  Two  of  llic  four  6  September  Hat  flares  in  McMalh  252  associated  with  Mfc/clectron  events.  The 
flare  shown  at  09  :  07  UT  was  north  of  the  sunspot  (arrow)  and  was  associated  with  a  filament  eruption. 
The  10  :  02  UT  image  shows  the  nonflaring  active  region  for  comparison.  At  1 1 :  39  UT  a  flare  began  in  Ihc 
region  west  of  the  sunspot  (arrow)  and  was  followed  at  11:48  UT  by  a  second  flare  at  the  same  location 
as  that  of  the  earlier  09  :  06  UT  flare.  Both  the  1 1 :  39  UT  and  11:48  UT  flares  arc  shown  in  the  11:51  UT 
image.  Later  flares  beginning  at  1 3  :  32  UT  and  1 8  :  55  UT  also  occurred  at  the  flare  site  west  of  the  sunspot. 

The  1 1  :  39  UT  and  18  :  55  UT  flares  were  not  listed  in  Solar-Geophysical  Data 


6.  Discussion 

Past  efforts  to  associate  reported  Ha  flares  with  5Hc-rich  events  were  often  unsuccess¬ 
ful,  partially  because  of  large  uncertainties  in  the  timings  of  injection  of  the  particles  into 
the  interplanetary  medium  (Ramaty  eta!.,  1980;  Kocharov  and  Kocharov,  1984).  In 
Section  2  we  found  that  even  when  the  injection  limes  are  known  quite  precisely,  the 
Ha  flare  reports  in  SGD  were  a  poor  guide  to  the  source  flares  of  the  JHc/eleclron 
events.  The  use  of  the  Ha  flare  patrol  films  and  the  families  of  kilometric  type  III  bursts 
has  enabled  us  to  make  Ha  flare  associations  in  the  7  of  12  cases  where  the  association 
would  otherwise  have  been  ambiguous  or  erroneous.  As  shown  in  Table  I,  the  3 
kilometric  burst  families  of  8  November,  14  August,  and  6  September  arc  well  associ¬ 
ated  with  reported  Ha  flares  while  the  other  four  families  are  not.  Considering  the  five 
3He/clcctron  events  of  the  latter  group,  only  the  27  November  event  appears  con¬ 
vincingly  associated  with  an  Ha  flare. 

The  lack  of  any  observed  associated  Ha  and  X-ray  activity  for  at  least  three  of  the 
twelve  3He/electron  events  suggests  a  coronal  origin  for  the  energetic  3He  ions  and 
electrons.  The  very  close  coincidence  we  found  between  the  o.isets  of  the  metric  type  III 
bursts  and  the  onsets  of  the  associated  Ha  and  X-ray  flares  is  also  compatible  with  the 
view  that  the  initial  activity  of  the  3He/electron  events  begins  in  the  high  corona.  Ha 
activity  may  have  little  to  do  with  the  acceleration  of  the  3He  ions  and  electrons  other 
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than  to  reflect  indirectly  the  presence  of  the  overlying  event,  presumably  as  a  result  of 
the  precipitation  of  sonic  fraction  of  the  energized  particles.  This  idea  has  been  suggested 
by  Kane  etal.  (1974).  They  argued  from  the  lack  of  observed  hard  X-ray  bursts  in 
association  with  some  metric  type  II!  bursts  that  the  density  of  the  acceleration  region, 
n,  S4x  109  cm  “  \  The  lack  of  flattening  at  the  2  keV  ends  of  the  low-energy  electron 
spectra  provides  another  reason  for  invoking  a  high-coronal  acceleration  region.  The 
height  of  the  3Hc/clcclron  acceleration  region  inferred  from  those  data  is  ^  0.2  R„,  i.c., 
S1.4x  105  km  above  the  photosphere. 

If  we  take  the  lack  of  a  reported  type  III  burst  at  ~  20  MHz,  as  in  the  case  of  the 
13:19  UT  26  December  event,  as  indicating  that  the  acceleration  did  not  occur  in  or 
below  that  region,  then  the  acceleration  region  may  be  characterized  by 
n,  <  4  x  10'’  cm  "  \  a  height  of  —  2  R„.  We  must  remember,  however,  that  observations 
of  type  III  emission  from  interplanetary  electron  beams  arc  complicated  by  a  number 
of  factors  involving  the  generation  (Lin  et  a /.,  1981)  and  propagation  (Steinberg  et «/., 
1984)  of  the  bursts,  so  the  true  situation  may  prove  to  be  more  complex. 

As  with  past  studies  of  the  Ha  manifestations  of  metric  type  III  bursts 
(Svcstka,  1976),  we  do  not  find  a  consistent  morphology  or  characteristic  of  cither  the 
Ha  flares  or  the  active  regions  associated  with  the  JHe/clcciron  events.  Filaments 
appear  important  in  some  observed  Ha  flares  but  not  in  others.  In  addition,  some  source 
active  regions  were  weak  and  spotless;  others  were  large  and  dominated  by  spots.  Only 
seven  3Hc/clcctron  event  flares  occurred  close  to  sunspots,  and  small  impulsive  hard 
X-ray  and  microwave  bursts  were  observed  with  only  the  three  events  of  8  November 
and  14  August.  The  lack  of  a  consistent  pattern  in  cither  the  Ha  flares  or  the  active 
regions  is  also  consistent  with  a  high  coronal  origin  for  the  associated  3Hc/clcctron 
events. 

Another  recent  study  provides  further  evidence  of  a  high-coronal  origin  of  the 
3Hc/clcctron  events.  Rcanies  and  Slone  (1986)  have  examined  the  kilomctric  type  III 
burst  associations  for  the  largest  of  the  3He-rich  events  detected  from  1978  to  1982.  By 
measuring  the  time  over  which  3He-rich  events  from  a  given  active  region  can  be  seen 
at  1  AU,  they  deduce  a  narrow  longitudinal  angular  width  of  5  to  10°  for  the  particle 
injection  profile.  From  the  timings  and  pitch  angle  distributions  of  the  3He  event  onsets 
Rcamcs  and  Stone  found  no  evidence  of  any  delays  due  to  coronal  diffusion  or 
scattering.  The  relative  case  with  which  the  3He  particles  leave  the  acceleration  region 
again  suggests  a  high  coronal  origin  rather  than  a  lower,  flare-initiated  origin. 

We  cannot  rule  out  the  possibility  that  in  some  3He/electron  events,  particularly  those 
of  14  August  (Table  I)  and  others  associated  with  larger  Ha  flares  (Kocharov  and 
Kocharov,  1984),  the  particle  acceleration  takes  place  in  a  low  altitude  impulsive  phase 
accompanied  by  obvious  Ha  and  X-ray  flare  signatures.  Svestka  (1976)  has  suggested 
two  classes  of  type  III  events,  one  of  this  type,  and  one  appearing  only  at  high  levels 
in  the  corona  with  no  flare  association.  For  the  latter  class  he  mentioned  type  III  storms, 
but  we  are  suggesting  this  possibility  for  large,  well  developed  groups  of  type  III  bursts, 
clearly  distinguished  from  type  III  storms  in  the  kilometric  radio  data. 

3He-rich  events  characteristically  show  an  enrichment  of  heavy  ions  relative  to  the 
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normal  composition  in  large  SEP  events  (Mason  el  al.,  1986).  The  ionization  stales  of 
energetic  Si  and  Fc  ions  observed  in  ’He-rich  events  have  been  found  by  Luhn  el  al 
(1985)  to  be  characteristic  of  a  temperature  of  ~  I01  K,  significantly  higher  than  the 
temperatures  of  ~  3  x  10''  K.  characteristic  of  the  Fc  and  Si  ions  from  normal- 
abundance  SEP  events  and  also  characteristic  of  the  quiescent  corona.  We  might  expect 
such  high  temperatures  to  occur  only  in  X-ray  flares  located  in  the  lower  corona 
immediately  over  the  associated  Ha  flares.  However,  the  fact  that  we  often  find  no 
associated  observed  X-ray  flare  with  the  ’Hc/clectron  events  and  the  other  reasons 
discussed  earlier  for  a  high  coronal  source  region  suggest  that  the  healing  occurs  in  a 
region  of  the  corona  where  the  emission  measure  V,  where  // ,  is  the  electron  density 
and  V  the  volume,  of  the  heated  region  is  so  small  that  X-ray  fluxes  can  not  be  detected 
For  a  large  coronal  region  this  scenario  implies  small  electron  densities  and  a  high 
coronal  source  region. 

The  high  ionization  temperatures  and  high  altitudes  deduced  for  the  sources  of  the 
’Hc/clectron  events  are  also  incompatible  with  the  ’Hc-rich  solar  flare  model  proposed 
hv  Kocharov  and  Kocharov  (1984).  To  allow  for  particle  acceleration  by  ion  acoustic 
turbulence,  they  required  a  low  temperature  (T  =  8  x  10’  K.)  and  high  density 
(ur  =  10"  cm  conditions  contrary  to  our  findings  for  the  source  region.  Their  model 

further  requires  substantial  fluxes  of  supratliermal  electrons  which  should  produce  clear 
flare  signatures  such  as  impulsive  hard  X-ray  and  miciowavc  bursts.  The  observational 
results  discussed  above  indicate  that  the  ’He  acceleration  source  region  is  not  compati¬ 
ble  with  the  proposed  flare  model. 


7.  Conclusions 

The  Ha  activity  associated  with  the  twelve  ’Hc/clectron  events  of  Table  I  was  at  most 
minor  and  sometimes  undetectable  on  Ha  flare  patrol  films.  Using  only  the  SGD  Ha 
flare  reports  and  the  precise  timings  of  the  associated  type  HI  bursts,  we  would  have 
correctly  identified  the  source  regions  for  only  five  of  the  twelve  events  By  using  the 
kilomclric  type  III  burst  data,  we  have  identified  the  source  regions  for  all  twelve  bursts 
with  a  high  degree  of  confidence. 

The  following  results  of  this  study  suggest  a  high  coronal  source  region  for  the 
'Hc/clectron  events 

(1)  when  an  associated  II  a  or  X-ray  brightening  docs  occur,  it  begins  within  I  min 
of  the  onset  of  the  type  III  burst; 

(2)  in  three  or  four  of  the  twelve  events  no  associated  Ha  or  X-ray  activity  was 
detected ; 

(3)  the  lack  of  any  flattening  of  the  electron  energy  spectra  at  2  kcV  implies  a  source 
height  of  >  1.4  x  10’  km  above  the  photosphere; 

(4)  no  consistent  flare  or  active  region  morphology  can  be  associated  with  the 
’He/electron  event  sources;  and 

(5)  for  two  events  the  reported  metric  type  III  bursts  were  weak  or  absent 

The  narrow  coronal  injection  profiles  (5  to  10°  in  longitude)  and  prompt  arrival  al 
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earth  of  the  3Hc  particles  (Reames  and  Stone,  1986)  and  lack  of  detection  of  the  heated 
coronal  source  regions  (Luhn  et  a /.,  1985)  arc  also  consistent  with  a  high  coronal  source 
for  these  events. 
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ABSTRACT' 

Wc  discuss  ihc  1981  December  5  solar  filament  eruption  that  wc  associate  with  an  energetic  (£  >  50  MeV) 
particle  event  observed  at  I  AU.  The  eruption  was  photographed  in  Ha,  and  was  observed  by  Ihc  Solwind 
whitclighl  coronagraph  on  F'8-l  It  occurred  well  away  from  any  solar  active  region  and  was  not  associated 
with  an  impulsive  microwave  burst,  indicating  that  magnetic  complexity  and  a  detectable  impulsive  phase  arc 
not  required  for  the  production  of  a  solar  energetic  particle  (SEP)  event.  No  metric  type  II  or  IV  emission  was 
observed,  but  an  associated  interplanetary  type  it  burst  was  detected  by  the  low-frequency  radio  experiment 
on  /SEE  J.  The  December  5  and  two  other  SEP  events  lacking  evidence  for  low  coronal  shocks  had  unusually 
steep  energy  spectra  (y  >  3.5)  In  terms  of  shock  acceleration,  this  suggests  that  shocks  formed  relatively  high 
in  the  corona  may  produce  steeper  energy  spectra  than  those  formed  at  lower  altitudes.  Wc  note  that  the 
filament  itself  may  be  one  source  of  the  ions  accelerated  to  high  energies,  since  it  is  Ihc  only  plausible  coronal 
source  of  the  He*  ions  observed  in  SEP  events 
Subject  headings:  particle  acceleration  —  Sun:  corona  —  Sun:  flares 


i.  introduction 

Solar  particle  acceleration  to  tens  of  MeV  is  often  presumed 
to  occur  only  during  (lares  in  active  regions  (see  Svcslka  1981 
for  a  general  review).  In  many  flares  impulsive  hard  X-ray  and 
microwave  bursts  indicate  a  rapid  acceleration  of  electrons  to 
energies  of  tens  of  kcV.  The  y-ray  observations  from  the  Solar 
Maximum  Mission  satellite  ( SMM )  have  shown  that  MeV'  ion 
production  can  also  occur  during  the  impulsive  phase  (Forrest 
and  Chupp  1983).  Acceleration  of  ions  to  tens  of  MeV  then 
sometimes  occurs  in  a  subsequent  "second  phase"  character¬ 
ized  by  metric  type  II  and  type  IV  radio  bursts  and  long- 
enduring  soft  X-ray  and  microwave  events  The  active  regions 
producing  these  energetic  flares  arc  characterized  by  strong 
and  complex  magnetic  fields,  and  the  flares  themselves  arc 
usually  double  ribbon  structures  as  observed  in  Ha  (Svestka 
1981).  While  even  relatively  large  solar  energetic  (£  >  I  MeV) 
particle  (SEP)  events  can  be  observed  in  interplanetary  space 
in  the  absence  of  such  a  suitably  defined  candidate  parent  fiarc, 
it  is  often  assumed  that  these  events  are  due  to  unobservable 
flares  on  the  invisible  hemisphere  (Smart  et  al.  1976). 

Exceptions  to  this  conventional  picture  are  known  to  exist. 
In  1970  Dodson  and  Hedeman  described  a  class  of  major 
(importance  s  2)  Ha  (lares  that  occurred  in  active  regions  with 
only  small  or  no  sunspots.  These  flares  were  generally  deficient 
in  impulsive  phase  bursts  but  not  in  gradual  microwave  and 
soft  X-ray  emission  nor  in  type  II  bursts.  A  few  of  these  (lares 
were  associated  with  SEPs.  More  recently,  Cliver,  Kahler,  and 

1  Also.  Department  of  Physics  and  Astronomy.  University  of  Maryland. 


McIntosh  (1983)  and  Cliver  et  al.  (1983)  have  shown  that  even 
the  larges!  SEPs  may  be  associalcd  with  flares  having  weak 
impulsive  phase  bursts.  While  most  SEPs  originate  in  complex 
active  regions  and  have  strong  impulsive  bursts,  these  pheno¬ 
mena  arc  clearly  not  cssenlial  to  the  particle  acceleration 
process 

More  compelling  associations  for  SEP  events  have  been 
found  with  phenomena  characteristic  of  the  upper 
(/i  >  2  x  105  km)  corona.  Lin  (1970)  and  Svestka  and 
Fritzova-Svestkova  (1974)  found  good  associations  of  SEP 
events  with  metric  type  II  bursts,  while  Kahlcr  cl  al.  (1978, 
1984)  and  Cane  and  Stone  (1984)  also  found  good  associations 
of  SEP  events  with  coronal  mass  ejections  (CMEs)  and  kilo- 
metric  type  II  bursts,  respectively  A  consistent  picture  relating 
the  metric  type  II  shocks,  Ihc  interplanetary  kilomctric  type  II 
shocks,  and  CMEs  has  yet  to  be  achieved  (Cane  1984),  but  the 
close  association  of  these  phenomena  to  each  other  and  to  SEP 
events  suggests  that  the  upper  corona  is  the  source  of  most 
interplanetary  energetic  particles. 

In  a  study  of  the  Skylab  CME  events,  Munro  el  al.  (1979) 
found  that  70%  of  the  CMEs  that  could  be  associated  with 
near-surface  activity  were  associated  with  eruptive  promi¬ 
nences  or  disappearing  filaments.  They  concluded  that  essen¬ 
tially  all  eruptive  prominences  observed  at  heights  beyond 
0.2Ro  above  the  limb  are  associated  with  CMEs.  CMEs  associ¬ 
ated  with  eruptive  events  generally  are  slower  than  those  con 
sidered  predominantly  flare  associated  (Hildner  1977; 
MacQueen  and  Fisher  1983)  and  are  less  likely  to  be  associated 
with  metric  type  II  bursts  (Gosling  et  al.  1976).  Although  the 
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eruptive-associated  CMEs  tend  to  be  less  energetic  than  their 
flare-associated  counterparts,  we  might  still  expect  (hat  a  few 
eruptive-associated  CMEs  would  result  in  SEP  events.  The 
discovery  of  such  an  event,  in  which  the  roles  of  active  region 
and  flare  are  minor  at  most,  would  extend  the  statistical  studies 
discussed  above  that  indicated  'he  importance  of  the  upper 
corona  for  SEP  production. 

There  have  been  a  few  previous  reports  of  possible  associ¬ 
ations  between  prompt  SEP  events  and  filament  eruptions. 
The  first  such  association  of  which  we  are  aware  was  made  by 
Hydcr  (1967),  who  suggested  that  the  filament  eruption  event 
of  1959  September  1  led  to  a  polar  cap  absorption  (PCA)  event 
on  the  following  day  (Svestka  and  Simon  1975,  p.  160).  The 
filament  in  that  event  lay  between  two  plage  regions  (Dodson 
and  Hcdcman  1970),  and  its  eruption  was  accompanied  by  a 
2  +  flare.  In  a  second  reported  association,  Domingo,  Hynds, 
and  Stevens  (1979)  associated  a  geomagnetic  storm  sudden 
commencement  (SSC)  observed  at  0247  UT  on  1978  August  27 
with  a  filament  disappearance  near  the  center  of  the  disk  at 
~0I20  UT  on  August  23  (sec  Joselyn  and  Bryson  1980). 
Protons  of  ~  I  McV  energy  were  observed  beginning  on 
August  25,  both  ahead  of  and  at  the  interplanetary  shock.  The 
authors,  however,  were  uncertain  about  the  origin  of  the 
protons  and  did  not  attribute  them  to  the  filament  disap¬ 
pearance.  Most  recently,  Sanahuja  et  al  (1983)  attributed  a 
I  ^  E  <  15  McV  proton  event  to  the  disappearance  early  on 
1979  April  23  of  a  large  filament  at  least  partially  located  in 
McMath  1 5956,  a  relatively  small  and  weak  active  region  in  its 
third  of  four  rotations.  A  pair  of  double  ribbon  1  F  flares,  one  in 
McMath  region  15956,  accompanied  the  filament  disap¬ 
pearance.  However,  Sanahuja  et  at  concluded  that  the  filament 
eruption,  rather  than  the  flares,  triggered  the  interplanetary 
shock  which  gave  rise  to  the  related  SEP  event.  To  our  knowl¬ 
edge,  this  is  the  most  convincing  published  example  of  a  non- 
flare  source  for  a  prompt  SEP  event. 

In  this  paper  we  discuss  the  SEP  event  of  1981  December  5. 
which  is  associated  with  an  erupting  filament  located  well 
away  from  any  active  region.  In  §  11  we  present  the  Ha.  cpron- 
agraph,  and  kilomctric  radio  data  that  allow  us  to  associate 
the  SEP  event  with  the  erupting  filament.  In  §  III  we  discuss 
the  implications  of  this  event  for  SEP  production.  We  also 
examine  the  role  of  the  cool  filaments  as  sources  of  the  ener¬ 
getic  particles. 

It.  DATA  aNALVSIS 

a)  The  SEP  Event 

The  SEP  event  of  1981  December  5  was  observed  with  the 
Goddard  Space  Flight  Center  (GSFC)  medium  energy  cosmic- 
ray  experiment  on  the  ISEE  3  spacecraft  at  the  Sun-Earth 
libration  point.  The  experiment  has  been  described  by  von 
Rosenvingc  el  al.  (1978).  In  Figure  1  we  show  profiles  of  parti¬ 
cle  fluxes  of  several  energy  ranges  observed  with  the  high- 
energy  telescope  of  that  experiment.  The  MeV  electron  onset 
was  between  1415  and  1430  UT,  followed  by  the  proton  onset 
between  1500  and  1530  UT.  The  velocity  dispersion  and  rapid 
rise  to  maximum  are  evidence  of  an  impulsive  injection  of 
particles  from  a  well-connected  solar  longitude.  The  decay 
phase  of  the  event  continued  until  late  on  December  9  when  a 
second  SEP  event  occurred. 

At  the  time  of  the  event  the  Helios  l  spacecraft  was  ~  13° 
behind  the  west  limb  at  a  distance  of  0.44  AU  from  the  Sun.  We 
have  no  data  from  the  GSFC  particle  experiment  on  that 


spacecraft  until  0800  UT  on  December  6,  but  at  that  time  the 
decaying  11-22  McV  proton  flux  was  2  x  10" 2p  (cm'  s  sr 
McV)"1,  a  factor  of  10  lower  than  that  measured  simulta¬ 
neously  for  the  same  energy  range  by  the  GSFC  experiment  on 
IMP  8  at  the  Earth.  This  result  is  consistent  with  our  associ¬ 
ation  of  the  SEP  event  with  the  disappearance  of  the  disk 
filament,  rather  than  with  a  source  from  behind  the  limb 

We  have  used  proton  fluxes  measured  by  the  GSFC  particle 
experiments  on  both  ISEE  3  and  IMP 8  to  derive  the  spectrum 
at  the  times  of  peak  fluxes  in  .he  3-80  McV  energy  range.  If  we 
assume  a  differential  power-law  spectrum  in  energy,  the  best  fit 
to  the  IMP  8  data  yields  y  =  4.3  ±  0.1,  where  y  is  the  power- 
law  exponent.  This  spectrum  is  quite  steep  in  comparison  with 
the  spectra  of  a  large  sample  of  4-19  McV  and  20-80  McV 
SEPs  obtained  by  van  Hollcbcke  et  al.  (1975). 

h)  The  Ha  Filament  Disappearance  ami  History 

We  obtained  the  Haute  Provence  photographic  observa¬ 
tions  for  December  5,  courtesy  of  P.  Simon,  who  noted  that  the 
Ha  patrol  on  this  date  was  afTcctcd  by  instrumental  difficulties 
and  adverse  weather.  Several  of  the  Haute  Provence  Ha  filler- 
grams,  depicting  key  times  in  the  filament  eruption  event,  arc 
reproduced  in  Figure  2  (Plate  15).  They  show  that  the  large 
filament,  located  at  —  W35-45,  N 15-30.  became  active  and 
began  to  erupt  at  —1215  UT.  The  smaller  filament  io  the 
northeast  in  Figure  2  also  began  to  disappear  at  -  1315  UT 
Ha  brightenings  were  first  observed  at  1315  UT.  forming  a 
classic  double-ribbon  pattern  along  the  filament  channel  The 
length  of  the  longer  eastern  ribbon  at  1457  IJT  was 
—  2.9  x  105  km.  Although  fainter,  the  ribbons  were  slill  visible 
on  an  Ha  filtergram  obtained  at  Big  Bear  Solar  Observatory  at 
1743  UT  (F.  Tang,  private  communication)  A  comparison  of 
that  image  with  the  1457  UT  image  shows  that  the  ribbons 
separated  with  an  average  speed  of  —2.2  km  s  ',  consistent 
with  the  range  observed  for  the  late  stages  of  bright  double¬ 
ribbon  flare  events  (Svcstka  1976) 

The  filament  was  not  at  the  location  of  a  former  active 
region,  and  it  lay  at  least  25  hcliographic  degrees  from  tiie 
nearest  plage  region.  It  was  situated  along  a  line  dividing  nega¬ 
tive  magnetic  polarity  in  the  west  from  positive  polarity  in  the 
cast.  This  was  opposite  to  the  sense  of  polarity  inversion  lot 
northern  hemisphere  active  regions  (P.  McIntosh,  private 
communication)  and  so  was  an  inversion  line  lying  between 
rather  than  within,  active  regions. 

c)  The  Coronal  Mass  Ejection 

Figure  3  (Plate  16)  shows  the  ejected  filament  and  coronal 
material  as  they  were  observed  by  the  NRL  white-light  corona- 
graph  (Solwind)  on  the  P78  /  satellite  (see  Michels  et  al.  1982- 
The  first  of  these  difference  images  shows  that  the  coronal 
disturbance  was  not  yet  visible  at  0658  UT,  but  was  in  progress 
during  the  next  available  image  at  1447  UT.  At  this  time  the 
leading  edge  of  the  coronal  material  was  already  located  at 
6.2 R0  in  the  northwest  quadrant.  During  the  subsequent 
images  the  ejected  coronal  material  left  the  2.5-IO.OR0  field  of 
view. 

At  1622  UT  a  bright  moving  feature  appears  superposed 
against  the  background  of  the  coronagraph’s  inner  polarizing 
ring  (which  is  designed  to  block  radiation  that  is  azimuthally 
polarized).  This  indicates  the  the  feature  is  relatively  unpo- 
larizcd  prominence  Ha  radiation  in  the  4000-7000  A  spcclral 
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Fig  t.  —  Hut-lime  plols  of  several  panicle  enerpv  ranges  Tor  ihe  19S1  December  S  SI  1 ’  The  picovc  calibration  of  [he  electron  Fuses  is  uncertain  Data  .ire  from 
the  GSFC  eeperimenl  on  ISEE  J 


bandpass  rather  than  azimuthally  polarized  Thomson- 
scalicrcd  radiation  from  coronal  electrons.  The  prominence 
first  entered  the  field  of  view  near  (he  occulting  disk  at  ~  1447 
UT.  It  then  moved  uniformly  outward  in  the  plane  of  the  sky 
(Its  position  at  1521  UT  is  indicated  by  an  arrow  in  Fig.  3  )  In 
t he  final  dilfcrcncc  image,  the  darker-than-average  region  indi¬ 
cates  the  depletion  of  the  ejected  coronal  material  between 
1447  UT  and  1622  UT,  and  (he  brightcr-than-avcragc  feature 
indicates  the  position  of  the  prominence  at  1622  UT.  Its  appar¬ 
ent  latitude  30°  north  of  west  is  consistent  with  the  original 
location  of  the  filament  at  N 15-30,  W35-45  on  the  disk. 

From  these  observations,  we  found  that  the  prominence  was 
moving  with  a  speed  of  305  ±  20  km  s"‘  in  the  plane  of  the 
sky.  Extrapolated  back  to  the  0.65Ko  location  of  the  disk  fila¬ 
ment,  this  speed  gives  a  starting  time  of  1329  +  0010  UT,  or 
~  1  hr  after  the  disk  filament  began  to  disappear.  This  1  hr 
time  delay  suggests  that  the  erupting  filament  accelerated 
during  the  first  hour  after  its  initial  disappearance  from  the  Ha 
spectral  bandpass  as  one  usually  observes  for  erupting  promi¬ 
nences  (see  Martin  and  Ramsey  1972).  Assuming  that  the 
coronal  mass  ejection  also  began  at  1329  UT,  we  derived  a 
speed  of  840  km  s"1  for  the  leading  edge  of  the  .coronal 
material.  The  resulting  pattern  in  which  the  coronal  material 
precedes  the  more  slowly  moving  prominence  is  characteristic 
of  most  prominence-associated  coronal  mass  ejections  (sec 
MacQucen  1980;  House  et  al.  1 981 ;  Shcclcy  rr  al.  1981) 


<()  Tin1  Soft  X-Ray  Event 

Soft  X-ray  events  associated  with  major  (i  c..  large  or  bright) 
CM Es  similar  to  that  of  December  5  arc  usually  long  duration 
X-ray  events  (LDEs)  (Shcclcy  et  al.  1983).  In  addition,  Webb, 
Krieger,  and  Rust  (1976)  used  Skylab  data  to  associate  filament 
disappearances  outside  active  regions  with  faint  soft  X-ray 
enhancements  unobservable  in  full  Sun  detectors.  We  have 
examined  the  GOES  full-Sun  X-ray  plots  of  December  5  for 
evidence  of  an  associated  X-ray  event.  A  faint  and  very  gradual 
1-8  A  enhancement  began  shortly  after  1300  UT,  arising  from 
a  C2.5  background  to  a  peak  level  of  only  C3.5  at  1430-1450 
UT.  Taking  a  peak  0.5-4  A  signal  of  (3  +  1)  x  I0"8  W  m~3 
during  this  event,  we  calculate  a  temperature  of  (5  ±  I)  x  10‘ 
K  and  an  emission  measure  of  (7  +  3)  x  104*  cm"1  from  the 
plots  ofThomas,  Starr,  and  Crannell  (1985). 

e)  Radio  Observations 

We  have  examined  the  reports  of  the  microwave  and  metric 
burst  events  (Solar  Geophysical  Data  1982)  and  data  from  the 
Mcudon-GSFC  kilomctric  radio  astronomy  experiment  on 
ISEE  3  ( Cane  el  a!.  1982)  during  the  time  of  the  filament  erup¬ 
tion.  The  only  reported  microwave  burst  was  a  short  (~2 
minute  duration)  event  of  ~20  sfu  with  a  peak  at  1317  UT.  In 
the  metric  range  a  group  of  intense  type  III/V  bursts  was 
observed  from  1316  to  1318  UT  at  Weissenau  Observatory 
1  hese  hursts  were  also  seen  on  the  1980  kHz  band  of  the  ISEE 
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3  detector  as  a  single  event  from  1317  to  1321  UT,  as  shown  in 
Figure  4  (Plate  17).  Another  group  of  metric  type  III  bursts 
with  weak  continuum  was  observed  from  1320-1326  UT, 
probably  appearing  as  the  1980  kHz  event  from  1324  to  1329 
UT.  These  events  were  not  due  to  the  filament  activity,  because 
the  deduced  position  of  both  1980  kHz  bursts  was  cast  of 
central  meridian,  the  first  probably  occurring  in  association 
with  a  reported  Ha  subfiarc  at  E59°  with  a  maximum  at  1318 
UT.  A  hard  X-ray  burst  was  also  observed  at  1317  UT  by  the 
University  of  California-Berkclcy  detector  on  ISEE  3,  but  no 
further  bursts  were  observed  until  after  1400  UT  (S.  Kane, 
private  communication). 

An  apparent  shock-accelerated  (SA)  event  (Cane  el  al.  1981) 
was  observed  at  1980  kHz  in  the  ISEE  3  radio  data  from  the 
end  of  the  type  III  emission  at  —  1328  UT  until  1352  UT.  The 
SA  event  could  be  tracked  out  to  ~0.7  AU,  and  the  centroid  of 
the  emission  could  be  determined  for  each  frequency.  From 
this  technique  we  estimate  that  the  source  longitude  for  this 
event  was  in  the  range  W  10‘>-W40°,  indicating  a  spatial  as  well 
as  temporal  association  with  the  filament  disappearance  and 
CME.  The  SA  event  was  followed  by  an  interplanetary  type  II 
burst  which  could  barely  be  discerned  above  an  unusually 
quiet  background  (Cane  1985) 

The  Algonquin  Observatory  at  Ottawa  reported  a  weak  (8 
sfu  maximum)  gradual-risc-and-fall  burst  beginning  at  1430 
UT.  An  examination  of  their  records  provided  by  M.  Bcli 
shows  that  the  event  began  early  in  their  observing  day  while 
the  flux  level  was  still  increasing,  so  the  true  onset  may  have 
been  earlier.  An  examination  of  the  4995  MHz  record  of  the 
Sagamore  Hill  Observatory  shows  a  gradual  risc-and-falt  event 
beginning  al  —  1300  UT  with  a  peak  flux  of  21  +3  sfu  at 
—  1400  UT.  Using  the  X-ray  values  for  the  temperature  and 
emission  measure  given  in  §  lid  and  formulae  from  the  Appen¬ 
dix  of  Webb  and  Kundu  (1978),  we  derive  a  thermal  microwave 
flux  density  of  12  +  6  sfu.  in  reasonable  agreement  with  the 
measured  4995  MHz  flux  density.  We  find  no  other  events  in 
cither  the  microwave  or  metric  ranges  that  may  have  been 
associated  with  the  filament  activity. 

til.  DISCUSSION 

a)  Energetics  of  the  Eruptive  Event 

The  E  2:  50  McV  SEP  event  of  1981  December  5  has  been 
associated  with  a  filament  eruption  and  Ha  brightening  well 
removed  from  any  active  region.  The  solar  Ha  emission  event 
is  properly  termed  a  “flare-like  brightening"  rather  than  a 
flare  (P.  Simon  and  H.  Dodson-Princc.  private 
communication).  According  to  Smith  and  Smith  (1963), 
“These  events  arc  distinguished  from  true  flares  by  their  con¬ 
siderably  longer  lifetimes  (average  three  hours),  their  slower 
rise  times  (30  to  100  minutes)  and  their  occurrence  well  away 
from  spot  gioups . . .  The  eruption  precedes  the  chromospheric 
brightening  by  about  half  an  hour;  hence  it  is  probable  that 
both  phenomena  result  from  the  same  unknown' cause."  In 
addition,  Svestka  (1976)  points  out  that  one  use  of  the  term 
“disparition  brusque"  (DB)  is  for  the  “disappearance  of  a 
quiescent  dark  filament  far  away  from  any  active  region  giving 
rise  to  slight  brightenings  along  the  filament  channel.  Such 
brightenings  usually  arc  not  classified  as  a  flare." 

The  motion  of  the  filament  observed  in  the  second  and  third 
images  of  Figure  2  and  the  direct  observation  of  the  filament  in 
the  coronagraph  images  of  Figure  3  show  that  it  it  was  a  true 
eruptive  (hence,  a  DB)  rather  than  a  quasi-cruplivc  disap¬ 


pearance  (Martin  1973)  which  does  not  lead  to  the  expulsion  of 
matter  from  the  corona.  Svcstka,  Martin,  and  Kopp  (1980) 
speculated  that  DBs  might  be  associated  with  the  occurrence 
of  long-lived  low-energy  particle  events  in  space  Subsequently, 
as  discussed  in  §  I,  Sanahuja  et  al.  (1983)  associated  the  low 
energy  SEP  on  1979  April  23  with  a  DB  at  least  partially 
located  in  a  weak  active  region.  In  comparison  with  that  event, 
the  1981  December  5  SEP  event  was  somewhat  more  energetic, 
and  the  DB  lay  clearly  outside  any  active  region.  In  addition, 
we  found  no  evidence  of  any  impulsive  phase  microwave  or 
hard  X-ray  emission  from  this  event.  This  indicates  that  neither 
active  regions  nor  obvious  impulsive  phase  phenomci.i  are 
necessary  for  energetic  particle  production.  The  good  associ¬ 
ation  of  SEPs  with  Ha  flares  and  flare  impulsive  phase  1  ■■■  >.'s  o 
most  likely  not  a  direct  causc-and-elTcct  relationship  K.:  i  1 
the  result  of  the  “  big  flare  syndrome  "  (Kahlcr  1982)  that  state, 
that,  statistically,  energetic  flare  phenomena  arc  mure  intense 
in  larger  flares,  regardless  of  the  detailed  physics. 

Besides  the  filament  disappearance  and  the  Ha  double 
ribbon  emission  shown  in  Figure  2.  the  solar  signatures  ,  f  ifie 
December  5  even!  were  the  accompanying  we.n  gradual 
thermal  soft  X-ray  and  microwave  events  which  were  similar  to 
those  of  the  active  region  DB  of  1974  January  18  studied  by 
Shcclcy  et  al.  (1975).  The  Ha  ribbons  appear  (■■  be  me  foot- 
points  of  cool  loop  arcades  overlain  by  hotter  soft  X-ray  loops 
(sec  Bruzck  1964;  Kahlcr  1977;  MacCombic  and  Rust  1Q79). 
The  rate  of  separation  of  the  ribbons  ~  2-4  hr  after  initial 
brightening  (~2  km  s'1)  was  the  same  as  that  of  the  well- 
observed  Skylab  X-ray  flare  of  1973  July  29  (Svcstka  el  nl 
1982).  The  coronal  response  to  an  eruptive  filament  may  tv: 
illustrated  by  the  DB  of  1973  September  I.  Skylab  soft  X-ray 
and  Ha  images  of  this  event  were  shown  by  Rust  (1976)  and 
reproduced  by  Svcstka  ( 1 9 7 1>,  1981).  It  occurred  in  an  old 
spotless  region  in  the  absence  of  a  reported  flare  and  resulted 
in  a  large  X-ray  cloud  which  was  unobservable  with  full-Sun 
X-ray  detectors.  Webb,  Kricgcr,  and  Rust  (1976)  have  dis¬ 
cussed  similar  filament  disappearances  outside  active  regions. 
Those  events  were  characterized  by  relatively  fa i n t  thermal 
X-ray  and  microwave  emission  and  usually  by  no  observable 
Ha  emission. 

The  total  energy  of  a  DB  event  with  no  or  weak  Ha  emission 
may,  however,  be  substantial,  if  it  consists  primarily  of  von- 
vected  magnetic  field  energy  (Webb  et  al.  1980;  Dulk  1 980. 
1984).  Anzcr  and  Pncuman  (1982)  have  concluded  that  the 
occurrence  of  a  flare  in  association  with  a  CME  is  not  an 
important  question  for  the  nature  of  an  eruptive  event.  A 
common  process  occurs  in  all  CME  events  with  the  llares 
being  the  most  energetic.  The  energy  is  derived  from  the  mag¬ 
netic  field,  and  weak  fields  will  not  result  in  chromospheric 
flares.  In  this  view-  the  Ha  filament  in  the  DB  event  is  a  signa¬ 
ture  of  a  magnetically  dominated  eruption  occurring  over  a 
much  larger  coronal  volume.  Low,  Munro,  and  Fisher  (1982). 
for  example,  suggested  that  the  CME  of  1980  August  5  was 
initiated  in  the  low  corona  by  magnetic  buoyancy.  Although 
that  CME  was  slower  (u=2IO  km  s'1  at  2.2 R0)  ihan  the 
December  5  CME,  both  events  were  characterized  by  a  lack  of 
any  signature  of  an  impulsive  process.  Yeh  (1982)  has  also 
concluded  that  the  driving  force  of  a  CME  is  the  magneto- 
hydrodynamic  buoyancy  force,  and  he  finds  that  magnetic 
unwinding  ts  the  dynamical  cause  of  the  ejection  of  a  loop  The 
December  5  event  shows  that  energetic  eruptive  events  can  be 
accompanied  by  only  minimal  impulsive  phase  and  thermal 
flare  signatures. 
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Olhcr  SEP  events  similar  to  that  of  December  5 
undoubtedly  exist.  The  association  of  a  SEP  event  with  a  fila¬ 
ment  disappearance  outside  an  active  region  is  generally  diffi¬ 
cult  to  make,  however,  since  filament  disappearances  arc  no  I 
routinely  reported  despite  their  potential  importance  for  geo¬ 
physical  effects  (Josclyn  and  McIntosh  1981).  The  December  5 
event  was  particularly  well  observed.  In  addition  to  definitive 
Ha  photographs  of  this  event,  white  light  coronagraph  images 
and  low-frequency  radio  observations  were  available.  The 
observed  CME,  SA  event,  and  interplanetary  type  II  burst  in 
this  event  revealed  the  subsequent  high  coronal  position  and 
effects  of  the  filament  disappearance. 

b)  Metric  Shocks  and  SEP  Encrtjy  Spectru 

To  see  whether  the  apparent  late  onset  of  shock  formation  in 
the  December  5  event,  as  indicated  by  the  absence  of  any 
observed  metric  type  II  emission  and  the  presence  of  an  SA 
event  and  interplanetary  type  II  burst,  might  somehow  be 
related  to  the  unusually  steep  (y  =  4.3)  SEP  event  spectrum,  we 
looked  for  other  examples  of  this  behavior  The  eight  large 
SEP  events  in  the  list  compiled  by  Cliver.  Kahlcr,  and  McIn¬ 
tosh  were  similar  to  the  December  5  SEP  in  that  the  parent 
flares  were  weak  impulsive  phase  events  that  originated,  in 
several  cases,  in  magnetically  simple  active  regions.  Six  of  the 
eight  parent  flares  were  located  on  the  western  hemisphere. 

Like  the  December  5  proton  flare,  two  of  these  six  wcll- 
conncctcd  events,  1909  September  25  and  1970  May  30,  were 
not  associated  with  metric  type  II  bursts  and  had  SEP  power- 
law  spectral  exponents  of  3.5  and  4,0.  respectively,  in  the 
10  <;  £  s  100  MeV  range.  Moreover,  the  September  25  and 
May  30  Hares  also  apparently  resulted  in  interplanetary  shocks 
(Cliver,  Kahlcr,  and  McIntosh  1983).  The  four  remaining  well- 
connected  proton  flares  of  the  Cliver,  Kahlcr,  and  McIntosh 
(1983)  study  were  accompanied  by  metric  type  ff  bursts,  and 
the  associated  SEP  events  had  relatively  hard  spectra  (>•  <  2.6) 
in  the  10  <  £  S  100  MeV  range.  Thus,  although  a  more  com- 
prchc  ,sive  statistical  study  is  required,  there  exists  preliminary 
evidence  that  steep  energy  spectra  in  apparently  well  con¬ 
nected  SEP  events  might  result  from  a  larger  than  usual 
coronal  height  of  shock  formation. 

The  energetic  particle  spectrum  resulting  from  first-order 
f  crmi  acceleration  by  difTusivc  particle  motion  in  a  planar 
shock  is  known  theoretically  to  be  a  power  law  in  momentum 
(e  g  ,  Blandford  and  Ostriker  1978,  Axford  I9SI ;  Lee  and  Fisk 
1982).  Transforming  to  a  differential  power  law  in  kinetic 
energy  for  nonrclativistic  ions,  a  strong  shock  yields  a  spectral 
index  y  2;  2,  roughly  the  range  of  values  fer  the  SEP  events 
with  metric  type  II  bursts  considered  above.  Weaker  shocks 
yicid  softer  spectra,  in  this  simplified  context,  the  association  of 
hard  SEP  spectra  with  metric  type  II  bursts  implies  that  shocks 
formed  in  the  lower  corona  arc  stronger  than  those  formed  at 
greater  heights.  However,  this  interpretation  neglects  several 
important  aspects  of  shock  acceleration,  such  as  energy- 
dependent  escape  of  the  particles  from  the  shock  region, 
second-order  Fermi  acceleration,  energy  losses,  and  shock-drift 
acceleration  (Decker,  Pesscs,  and  Armstrong  1981).  In  addi¬ 
tion,  it  is  not  theoretically  obvious  that  coronal  height  of  shock 
formation  should  be  related  to  shock  strength.  We  thus  regard 
the  suggestion  that  SEP  spectral  slopes  may  be  correlated  with 
(he  height  of  shock  formation  as  tentative,  at  best. 

c)  The  Role  of  Cool  Filamentary  Material  in  SEPs 

CMEs  observed  with  Skyhb  and  SM M  arc  better  associated 
with  erupting  prominences  than  with  any  other  solar  pheno¬ 


mena,  including  flares  (Munro  ct  at.  1979;  Webb  1984). 
However,  cool  prominence  material  is  rarely  observed  at  great 
solar  distances  in  CMEs.  Ha  material  appears  in  many  CMEs 
observed  by  the  SMM  coronagraph  (House  el  til.  1981). 
which  has  an  inner  field  of  view  of  only  1.5R0,  but  Howard  et 
at.  (1985)  found  Ha  material  at  4 R0  in  only  1.5%  of  ~IOOO 
Solwind  CMEs  in  their  survey.  In  the  1980  April  16  CME,  Ha 
emission  was  observed  out  to  3 R0  with  the  SMM  coronagraph 
but  not  at  4 R0  with  the  Solwind  coronagraph  (Wagner  et  nl. 
1983).  This  may  be  the  result  of  ionization  of  the  prominence 
material  as  it  rises  through  the  corona,  as  indicated  by  Ha  and 
He  it  2304  emission  in  the  well-studied  Skylah  ease  of  1973 
August  21  (Poland  and  Munro  1976).  Absorption  of  solar 
Lyman  continuum  radiation  should  be  the  dominant  ionizing 
mechanism,  although  Poland  and  Munro  (1976)  have  sug¬ 
gested  conductive  heating  from  the  corona  or  wave  heating  as 
additional  possibilities.  Another  reason  for  the  paucity  of 
observed  Ha  features  beyond  ~4 R0  might  be  that  the  cool 
material  has  achieved  a  sufficient  outward  velocity  (>  150  km 
s’1)  such  that  it  is  Doppler  shifted  out  of  the  Ly/f  waveband  of 
radiation  needed  to  excite  the  hydrogen  atoms  (Poland  and 
Munro  1976)  However,  several  Solwind  CME  events  have 
been  observed  in  which  Ha  prominence  material  has  reached 
speeds  of  ~  1000  km  s"  1  near  IOR0.  In  sum,  the  relationship  of 
Ha  brightness  to  the  degree  of  ionization  in  the  prominence 
material  is  not  well  understood  at  present. 

The  relative  positions  of  the  prominence  and  (he  ejected 
coronal  material  arc  only  beginning  to  be  understood,  at  least 
for  the  frequently  observed  loop  CMEs.  tiling  and  Hundhau- 
sen  (1985)  studied  the  ''depletion"  CME  of  1980  August  5  and 
concluded  that  the  outer  loop,  intervening  dark  shell,  and 
bright  core  of  the  CME  were  due  to  the  overlying  coronal 
material,  the  void  in  coronal  material  known  as  the  filament 
cavity,  and  the  filament,  respectively.  Skylab  observations  had 
previously  suggested  (Hildner  ct  til.  1975)  that  the  bulk  of  the 
ejected  material  comes  from  the  low  corona  above  the  filament 
and  that  the  total  CME  is  far  larger  than  would  be  inferred 
from  filament  observations  alone. 

Most  SEP  events  arc  associated  with  fast  (F  >  500  km  s' ') 
CMEs  (Kahlcr  et  nl.  1984).  One  explanation  of  this  association 
(eg.,  Kahlcr  ct  til.  1984)  is  that  shocks  generated  by,  and 
moving  ahead  of,  the  CME  white  light  fronts  (MacQuccn 
1980;  Maxwell  and  Dryer  1981)  produce  the  energetic  par¬ 
ticles  The  origin  of  the  shock -CME  association  has  been  ques¬ 
tioned  by  Wagner  and  MacQuccn  (1983),  who  suggest  (hat  the 
shock  is  generated  after  the  CME  onset  and  then  proceeds  to 
move  through  and  overtake  the  CME  Attempts  to  distinguish 
obscrvationally  between  the  two  models  have  been  unsuc¬ 
cessful  (Cane  1984;  Kahlcr  el  al.  I985n). 

The  recent  measurements  of  ionic  charge  slates  in  SEPs  have 
provided  powerful  clues  for  identifying  SEP  source  regions 
(see  Fan,  Gloccklcr,  and  Hovestadt  1984  for  a  recent  review). 
The  highest  ionization  stages  are  generally  consistent  with 
a  coronal  source  temperature  of  ~2  x  10*  K.  However, 
observations  of  He  *  abundances  in  10  SEP  events  over  a  I  yr 
period  showed  that  He*  was  present  in  all  events  with  an 
average  He */Hc  ratio  of  ~0.l.  Measurement  of  the  daily 
Hc*/Hc**  ratios  in  the  energy  range  0.4-0.62  MeV  per 
nucleon  for  216  days  in  1978-1979  by  Hovestadt  et  al.  (19841 
yielded  a  median  value  of  He*/He*  *  =  0.1 1.  Since  this  ratio 
is  ~10~5  for  ionization  equilibrium  in  the  corona  (Ahmad 
1977),  cool  source  material  (<I05  K)  has  also  been  invoked 
as  part  oT  the  SEP  source  region.  As  we  have  seen  in  the 
December  5  and  similar  events,  only  (he  filament  itself. 
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where  Hc*/Hc*  *  >  I  for  T  <  50,000  K  (Tandberg-Hanssen 
1974,  p.  72),  can  be  a  solar  source  of  such  cool  material.  No 
cool  Ha  material  has  been  observed  in  the  leading  portions  of 
CM  Es  (House  et  al.  1981).  In  the  few  eases  when  He  *  enhance¬ 
ments  have  been  observed  in  the  solar  wind,  they  have  been 
part  of  the  driver  gas  following  interplanetary  shocks  and  were 
usually  temporally  associated  with  eruptive  filaments 
(Schwcnn,  Rosenbauer,  and  Muhlhauscr  1980;  Gosling  et  al. 
1980;  Dame  1983).  These  events  show  that  at  least  in  some 
eases  cool  filament  material  remains  unheated  to  1  AU. 

The  coronagraph,  SEP  ionization  stage,  and  solar  wind  ion 
observations  arc  all  consistent  with  the  conclusion  that  a  sig¬ 
nificant  fraction  of  the  SEPs  are  accelerated  from  the  cool 
filament  itself.  The  filament  will  form  the  bright  core  of  a  loop 
CM  E,  and,  if  it  remains  cool  at  great  heights,  may  be  observed 
in  a  coronagraph  in  the  Ha  line.  This  conclusion,  however, 
seems  incompatible  with  the  concept  favored  by  Kahlcr  et  al. 
(1984)  that  most  SEPs  are  produced  by  shocks  moving  ahead 
of  the  front  of  the  CME.  If  shock  acceleration  is  assumed,  then 
it  appears  that  the  shock  must  move  through  the  underlying 
filament,  perhaps  as  part  of  the  scenario  suggested  by  Wagner 
and  MacQucen  (1983).  When  SEPs  arc  produced  in  the  fila¬ 
ment,  it  is  not  al  all  clear  whether  they  can  readily  escape  to 
interplanetary  space,  since  the  filament  is  surrounded  by  large- 
scale  looplike  magnetic  fields  defining  the  CME.  However, 
restructuring  subsequent  to  the  ejection  may  radically  change 
the  geometry  of  the  fields  (e  g  ,  Illing  and  Hundhausen  1983). 

Alternatively,  to  retain  (he  model  in  which  particle  acceler¬ 
ation  occurs  in  shocks,  well  ahead  of  the  cooler  filamentary 
material,  we  would  need  a  source  other  than  a  directly  associ¬ 
ated  filament  eruption  for  the  He*  ions  in  a  SEP  event.  The 
persistently  high  values  of  He  */Hc*  *  measured  by  Hovestadt 
et  til.  (1984)  docs  suggest  that  some  stable  He*  source  popu¬ 
lation  may  exist  al  the  Sun  or  in  interplanetary  space  (D. 
Hovestadt,  private  communication).  An  interplanetary  popu¬ 
lation  of  He  *  ions,  formed  from  interstellar  neutral  atoms  that 
arc  singly  ionized  by  UV  fluxes  after  entering  the  heliosphere, 
has  been  theoretically  proposed  by  Fisk,  Kozlovsky,  and 
Ramaty  (1974)  as  a  source  for  the  anomalous  component  of 
cosmic  rays.  However,  attempts  to  measure  the  charge  states  of 
the  anomalous  He  component  (al  lens  of  MeV  per  nucleon) 
and  thereby  test  this  theory  have  not  been  definitive  (see  the 
review  of  Jones  1983).  Whether  any  stable  He*  population  has 
sufficient  number  density  to  contribute  significantly  to  SEP 
fluxes  is  also  not  obvious.  Nonetheless,  at  this  lime  we  believe 
the  source  of  the  He  *  ions  in  SEPs  remains  an  open  question. 


if)  Comment  on  3Hc  SEPs 

Kahlcr  et  al.  (19856)  and  Reames,  von  Rosenvinge,  and  Lin 
(1985)  have  shown  that  JHc-rich  SEPs  arc  well  associated  with 
impulsive  phase  rather  than  second  phase  flare  events. 
Although  mixed  first  and  second  phase  events  would  be 
expected,  the  “pure"  JHc  impulsive  phase  acceleration  mecha¬ 
nism  docs  not  appear  to  involve  coronal  shocks  or  CMEs,  or, 
by  implication,  filament  eruptions.  The  lack  of  any  measurable 
He*  fluxes  in  3Hc-rich  events  found  by  Klccker  et  al.  (1984) 
appears  consistent  with  this  view. 

IV.  CONCLUSIONS 

We  have  used  the  1981  December  5  SEP  and  filament  erup¬ 
tion  ev  ;  to  draw  several  conclusions. 

1.  A  solar  active  region  is  not  necessary  for  the  occurrence 
of  a  SEP.  The  essential  ingredient  for  most  observed  SEPs 
seems  to  be  a  magnetically  dominated  mass  ejection. 

2.  The  occurrence  of  a  detectable  impulsive  phase  event  is 
also  not  necessary  for  a  SEP.  A  similar  conclusion  has  been 
drawn  by  Oliver,  Kahlcr,  and  McIntosh  (1983). 

3.  The  unusually  steep  spectrum  (y  sr  4)  of  the  December  5 
SEP  may  be  related  to  the  apparent  late  onset  of  shock  forma¬ 
tion  in  this  event,  as  indicated  by  the  absence  of  a  metric  tyjvc 
II  burst  and  the  presence  of  an  SA  event  and  interplanetary 
type  II  burst. 

4.  If  the  corona  is  the  source  of  all  SEPs,  then  a  significant 
fraction  of  the  SEPs  must  be  drawn  from  the  ejected  filamen¬ 
tary  material.  This  is  the  only  coronal  material  cool  enough 
(T  <  5  x  10*  K)  to  contain  He*  ions  found  in  SEPs  (Fan. 
Glocckler.  and  Hovestadt  1984) 
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Fig.  4  —Top:  plot  s  of  the  log  of  the  antenna  tempera  ture  TA  and  (he  solar  elongation  angle  <t>  at  1980  It  Hz  on  1981  December  5.  Values  of  <t>  arc  shown  only  when 
(he  standard  deviation  of  (he  computed  angle  is  less  than  I?5.  Below:  the  Weissenau  dynamic  spectrum  from  1248  to  1359  UT.  The  gaps  in  the  six  white  vertical  bars 
at  the  15  minute  time  marks  correspond  to  the  frequency  channel  boundaries  at  30, 46, 86, 160, 290,  546,  and  1000  MHz.  from  top  to  bottom.  The  type  HI  GG  (group 
of  more  than  10  bursts)  events  from  1316  to  1318  UT  and  from  1320  to  1326  UT  observed  in  the  Weissenau  spectrum  are  also  observed  in  the  l SEE  3  1980  kHz 
profile.  The  solar  elongation  angles  for  those  bursts  are  east  of  the  Sun,  indicating  that  the  bursts  were  not  associated  with  the  December  5  erupting  filament  which 
lay  in  the  western  hemisphere.  The  SA  event  observed  from  1328  to  1352  UT  at  1980  kHz  had  no  observed  counterpart  in  the  Weissenau  spectrum  but  clearly  came 
from  the  western  hemisphere 
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Wc  discuss  ihc  solar  and  interplanetary  characteristics  of  six  interplanetary  shock  and  energetic 
particle  events  associated  with  the  eruptions  of  solar  filaments  lying  outside  active  regions.  The  events  are 
characterized  by  the  familiar  double-ribbon  Ha  brightenings  observed  with  large  flares,  but  only  very 
weak  soft  X  ray  and  microwave  bursts.  Both  impulsive  phases  and  metric  type  II  bursts  are  absent  in  all 
six  events.  The  energetic  particles  observed  near  the  earth  appear  to  be  accelerated  predominantly  in  the 
interplanetary  shocks.  The  interplanetary  shock  speeds  arc  lower  and  the  longitudinal  extents  consider¬ 
ably  less  than  those  of  flare-associated  shocks.  Three  of  the  events  were  associated  with  unusual  enhance 
menix  of  singly  ionized  helium  in  the  solar  wind  following  the  shocks  These  enhancements  appear  to  be 
direct  detections  of  the  cool  filament  material  expelled  from  the  corona  We  suggest  that  these  events  are 
part  of  a  spectrum  of  solar  eruptive  events  which  include  both  weaker  events  and  large  flares.  Despite 
their  unimpressive  and  unreported  solar  signatures,  the  quiescent  filament  eruptions  can  result  in  sub¬ 
stantial  space  and  geophysical  disturbances 


1  Introduction 

It  is  well  established  [ // nnjhanscn,  1972,  Cltao  and  l.cpptng. 
1974]  that  the  most  disturbed  geomagnetic  conditions,  re¬ 
sulting  from  an  energetic  interplanetary  shock,  occur  about 
1.5  to  2  days  after  big  solar  flares  which  arc  easily  observed  as 
large  brightenings  in  Hz.  Such  flares  arc  typically  accompa¬ 
nied  by  solar  energetic  particle  (SEP)  events,  meter  wavelength 
type  II  and  type  IV  bursts,  and  long  duration  soft  X  ray 
events  [Curie  and  Siottc.  1984;  Cane.  1985] 

Since  these  major  flares  arc  usually  accompanied  by  promi¬ 
nence  eruptions  [ Marlin .  1973],  Anzcr  and  Pnciiman  [1982] 
have  suggested  that  a  large  flare  event  ditTers  from  an  eruptive 
prominence  event  without  a  flare  only  in  being  more  energetic. 
They  interpreted  non-flarc-rclatcd  mass  ejections  as  being 
those  that  "arc  produced  by  magnetic  fields  that  arc  too  weak 
to  produce  chromospheric  brightenings."  In  their  view  the 
kind  of  event  that  results  is  merely  a  matter  of  magnetic  field 
strength. 

Eruptive  prominences  are  now  recognized  as  playing  impor¬ 
tant  roles  in  most,  if  not  ail,  coronal  mass  ejections  (CMEs). 
Munro  el  at.  [1979]  found  that  more  than  70%  of  all  Skylab 
CMEs  were  associated  with  eruptive  prominence  or  filament 
disappearances.  More  recently,  llling  and  Hundliausen  [1985] 
studied  the  three-part  structure  of  a  CME  similar  to  many 
large  CMEs  observed  with  the  Solar  Maximum  Mission 
(SMM)  coronagraph  instrument.  One  component,  a  bright 
core,  was  identified  as  the  erupting  prominence,  showing  that 
in  these  CME  events  the  prominence  itself  plays  an  important 
role. 
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CMEs  have  recently  been  shown  lo  be  closely  associated 
with  interplanetary  shocks.  Sheeley  el  at.  [1985]  found  that 
about  70%  of  all  interplanetary  shocks  observed  at  Helios  I 
could  be  confidently  associated  with  CMEs.  Only  2%  of  the 
shocks  dearly  lacked  associated  CMEs.  If  wc  then  assume 
that  CMEs  are  the  drivers  of  interplanetary  shocks  and  that 
most  or  all  CMEs  are  associated  with  erupting  prominences, 
we  might  expect  a  good  association  between  erupting  promi¬ 
nences  and  interplanetary  shocks.  Eruplive  prominences  have 
in  fact  long  been  suspected  of  being  linked  to  geomagnetic 
storms,  as  Joselyn  and  McIntosh  [1981]  have  documented 
Wright  and  McNamara  [1983]  have  established  a  statistical 
relationship  between  disappearing  filaments  and  geomagnetic 
activity  using  data  from  1974  to  1980.  They  found  that  geo¬ 
magnetic  disturbances  followed  filament  disappearances  by 
typically  3-6  days.  The  magnitude  of  the  disturbance  in¬ 
creased  with  the  size  of  the  disappearing  filament. 

In  this  paper  wc  examine  the  solar  and  interplanetary  signa¬ 
tures  of  six  interplanetary  shocks  associated  with  disappearing 
filaments  outside  active  regions  to  compare  the  eruptive 
events  as  a  class  with  flare  events.  Each  shock  has  been  the 
subject  of  individual  publications  in  which  only  one  or  Iwo 
aspects  of  the  even!  were  discussed  In  section  2  we  summarize 
the  results  of  these  papers,  presenting  all  the  data  on  each 
event  separately.  In  section  3  wc  include  new  data  lo  summa¬ 
rize  the  observational  characteristics  of  all  the  events.  The 
significance  of  these  events  for  forecasting  space  disturbances 
and  learning  about  particle  acceleration  is  discussed  in  section 
5  by  comparing  them  with  the  more  familiar  flare-associatcd 
events. 

2.  Reports  and  Associations 
of  the  Shock.  Events 

Summaries  of  the  reports  of  the  shock  events  and  the  as¬ 
sociations  with  filament  disappearances  follow.  The  dates  refer 

13,321  /,3 


13.322 


Cane  et  ai_.  Sola*  Filament  Erurtions 


lo  chc  limes  of  occurrence  of  the  phenomena  of  principal  con¬ 
cern  lo  the  initial  reports. 

2.1.  January  29,  1977 

Schwenn  el  al.  [1980]  detected  singly  ionized  helium  in  the 
driver  gas  plasma  following  an  interplanetary  shock  detected 
by  Helios  I  at  0103  UT  on  this  date.  They  proposed  that  this 
ion  must  have  come  from  cold  chromospheric  material  which 
had  been  ejected  in  an  eruptive  prominence  as  part  of  a  CME. 
They  did  not  report  whether  a  filament  had  disappeared;  how¬ 
ever,  it  is  clear  from  the  Hot  photographs  in  Solar-Geophysical 
Data  (SGD)  that  a  large  quiescent  filament  was  present  at 
about  40“$,  50°E  on  January  25  and  was  gone  on  January  26. 
K.  Harvey  (private  communication,  1985)  has  determined  the 
disappearance  interval  to  be  from  2249  UT  on  January  25  to 
0853  UT  on  January  26. 


2.2  July  29,  1977 

Like  the  January  29  event,  the  shock  detected  by  IMP  8  at 
0031  UT  on  July  29  was  followed  by  large  fluxes  of  singly 
ionized  helium  [Gosling  el  al.,  1980],  Because  of  the  lack  of 
any  obvious  reported  flare  candidates  or  type  II  or  IV  bursts 
during  the  7  days  prior  to  July  29,  Gosling  et  al.  suggested  an 
association  of  the  shock  with  the  disappearance  of  a  quiescent 
filament  at  50°N,  50°W.  According  to  Harvey  and  Sheeley 
[1979],  the  disappearance  occurred  between  2006  UT  on  July 
25  and  1713  UT  on  July  26.  Further  examination  of  Ha 
images  (F.  Tang,  private  communication,  1985)  shows  that  the 
event  occurred  before  2345  UT  on  July  25. 

2.3.  August  27.  1978 

A  major  geomagnetic  storm  with  a  sudden  commencement 
(SC)  at  0247  UT  was  attributed  by  Joselyn  and  Bryson  [1980] 
to  the  disappearance  at  about  0130  UT  on  August  23  of  a 
filament  located  at  I5°N.  IS’E.  However,  Ha  observations  at 
0748  UT  al  Tel  Aviv  showed  that  the  filament  had  re-formed 
by  that  time.  In  subsequent  observations,  in  which  (he  fila¬ 
ment  was  just  outside  the  field  of  view,  an  Ha  ribbon  appeared 
parallel  to  the  filament  location  at  about  1200  UT  (F.  Tang, 
private  communication,  1985).  The  Boulder  full  disk  image  at 
1436  UT  showed  that  the  filament  had  again  disappeared  [ Jos¬ 
elyn  and  Bryson,  1980],  Since  the  first  filament  disappearance 
was  short-lived  (56  hours)  and  no  subsequent  filament  re¬ 
appearance  followed  the  1200  UT  disappearance,  we  assume 
that  the  interplanetary  shock  was  associated  with  the  1200  UT 
disappearance.  Domingo  el  al.  [1979]  reported  that  the  inter¬ 
planetary  shock  was  accompanied  by  an  energetic  storm  parti¬ 
cle  (ESP)  event  and  that  this  event  was  preceded  by  a  low- 
energy  SEP  event.  Protons  in  the  0.6-  to  1-MeV  energy  range 
were  first  detected  at  ISEE  3  at  about  1200  UT  on  August  25 
(i.e.,  2  days  after  the  second  filament  disappearance).  Using 
interplanetary  scintillation  observations,  Tappin  el  al.  [1983] 
detected  the  disturbance  east  of  central  meridian,  consistent 
with  the  position  of  the  filament  identified  by  Joselyn  and 
Bryson  [1980].  From  their  model  of  the  observations,  Tappin 
et  al.  derived  a  speed  of  430  km/s  near  1  AU  for  the  distur¬ 
bance. 

2.4.  April  23,  1979 

An  interplanetary  type  II  event  [ Cane  et  al.,  1982]  was 
observed  to  commence  at  about  1200  UT  on  April  23.  The 
associated  shock  passed  ISEE  3  at  2328  UT  on  April  24  and 


produced  an  SC  al  the  eatlh  at  23S7  UT.  Because  no  large 
flares  were  reported  during  the  early  part  of  April  23,  Cane  et 
al.  associated  a  shock-accelerated  (SA)  event  [Cane  et  al, 
1981]  at  0150  UT  with  the  shock.  The  SA  event  was  associ¬ 
ated  with  possible  weak  type  II  and  type  IV  bursts  reported 
by  the  Culgoora  Observatory.  The  elongation  angle  of  the  SA 
event  clearly  indicated  a  west  limb  source,  and  Cane  et  al. 
suggested  that  an  active  region  behind  the  limb  was  the  source 
of  the  event.  However,  a  study  of  the  associated  low-energy 
proton  event  by  Sanaliuja  et  al.  [1983]  showed  that  this  as¬ 
sociation  was  very  unlikely  because  the  Venera  1 1  spacecraft, 
which  was  well  connected  to  the  west  limb,  did  not  detect  a 
particle  event.  Low-energy  (E  --  100  keV)  protons  were  first 
observed  at  Helios  2,  magnetically  connected  to  the  sun  at 
about  20°W,  between  0100  and  0200  UT  on  April  23.  Sana- 
huja  et  al.  suggested  that  the  solar  source  of  the  shock  and 
particle  event  was  the  eruption  of  a  large  quiescent  filament 
extending  from  I0°S,  00”E  to  30°S.  20°E.  This  eruption  re¬ 
sulted  in  a  parallel  ribbon  brightening  [Tang.  1985]  in  Ha 
beginning  at  2215  UT  on  April  22,  the  continuation  of  which 
was  reported  as  two  class  IF  flares  by  the  Culgoora  Observa¬ 
tory.  In  her  survey  of  the  properties  of  interplanetary  shocks, 
Cane  [1985],  noting  the  lack  of  observed  strong  shocks  from 
west  limb  flares  and  acknowledging  the  suggestion  of  Sana- 
huja  cl  al.  about  the  source  of  the  event,  tentatively  agreed 
with  their  source  position  but  retained  the  0150  UT  April  23 
SA  association.  A  reexamination  of  the  1980-kllz  data  from 
the  ISEE  3  radio  experiment  shows  a  possible  SA  event  from 
2210  UT  to  2300  UT  on  April  22  with  a  source  position  near 
central  meridian,  consistent  with  that  of  the  erupting  filament 
We  now  associate  this  earlier  1980-kHz  burst  with  the  shock 
and  particle  event.  It  occurred  at  approximately  the  right  time 
lo  account  for  the  onset  of  the  100-kcV  protons  at  Helios  2 
and  resulted  in  an  average  sun-earth  transit  speed  of  840  km/s 
compared  with  the  previous  higher  value  of  900  km/s  reported 
by  Cane [ 1985] 

2.5.  November  27,  1979 

Howard  el  al.  [1982]  reported  the  observation  of  a  "head- 
on"  CME  which  they  associated  with  the  sudden  disappear¬ 
ance  of  a  large  quiescent  filament  al  5°N,  3°W.  The  disappear¬ 
ing  filament  may  have  been  associated  with  a  reported  IN 
flare  at  I8°N,  5“E  in  a  nearby  active  region.  The  CME  was 
presumed  lo  be  the  driver  of  an  interplanetary  shock  which 


TABLE  I.  The  Events  and  the  Associated  Phenomena 


Date  and  Time 
of  Filament 
Disappearance 

H  Alpha 
Ribbons 

Soft 

X  Rays, 
>CI 

Gradual 

10-cm 

Burst 

CMC 

lie* 

January  25,  1977, 

2300  UT,  to  January  26. 
1977,  0900  MT 

no 

no 

yes 

July  25.  1977. 

2000-2330  UT 

no 

no 

yes 

August  23.  1978. 

1200  UT 

probably 

no 

y« 

April  22,  1979, 

2230  UT 

yes 

yes 

yes 

November  27,  1979. 

0600  UT 

no 

no 

yes 

December  5,  1981, 

1330  UT 

yes 

yes 

yes 

yes 

yes 

Three  dots  correspond  lo  cases  in  which  we  have  no  information 


Cane  lt  ai_:  Solar  Filament  Eruptions 


13,323 


h-  O 
3  K 

CM  O 

O  r— 

O 

O  CO 
CN 

i 

CN 

CN 


45 


The  disappearance  of  Ihe  Hi  filament  on  April  22-23,  1979  The  double-ribbon  brightening?  associated  with  the  filament  disappear¬ 
ances  are  indicated  by  ari'ows  at  2229  UT  and  0M0  UT, 


13.324 


Cane  et  al.:  Solar  Filament  Eruptions 


TABL  E  2.  Speed  Characteristics  of  the  Shocks 


Date  of 

Dis- 

Filament 

Solar 

Speed, 

lance. 

Disappearance 

Longitude 

km/s 

AU 

Reference 

January  26,  1977 

50*  E 

460  ±  20 

0.5 

transit  to  earth 

570  ±40 

0.5 

transit  to  Helios  1 

(095  AU) 

July  25.  1977 

50°W 

560  ±  10 

0.5 

transit  to  earth  (SC) 

450 

1.0 

King  et  al.  [1982] 

August  23,  1978 

IS"E 

480 

0.5 

transit  to  earth  (SC) 

430 

1.0 

Tappln  et  at.  [1983] 

510 

1.0 

Ogllvle  et  al.  [1982] 

April  22.  1979 

I0°E 

980 

02 

transit  to  Helios  2 
[Sanahuja  et  al.  [1983] 

840 

0.5 

transit  to  earth  (SC) 

760 

0.7 

Helios  2  to  earth 

November  27,  1979 

3*W 

1160 

CME  [ Howard  el  al..  1982] 

800 

0.2 

CME  [Jackson,  1985] 

570 

0.5 

transit  to  earth  (SC) 

372 

1.0 

Ogiloie  et  al.  [1982] 

December  5.  1981 

40“  W 

840 

CME  [Kohler  el  a/,  1986] 

570 

0.5 

transit  to  earth  (ISEE  3) 

reached  ISEE  3  at  0649  UT  on  November  30  and  produced 
an  SC  at  the  earth  at  0738  UT.  The  CME  was  also  detected 
by  Jackson  [1985]  using  zodiacal  light  photometers  on  the 
Helios  spacecraft.  An  average  speed  of  800  km/s  for  the  CME 
was  implied  from  the  transit  time  between  the  sun  and  Helios 
2.  Jackson  noted  that  the  mass  ejection  was  well  collimated 
along  the  sun-earth  line. 

2.6.  December  5.  1981 

Cane  and  Slone  [1984]  reported  the  observation  on  Decem¬ 
ber  5  of  kilomctric  radio  emission  which  had  the  character¬ 
istics  of  an  interplanetary  type  II  event  but  for  which  there 
were  no  reported  related  solar  phenomena  at  the  time  of  the 
preceding  SA  event,  apart  from  a  SEP  event.  Recently,  Kaliler 
ei  al.  [1986]  showed  that  the  SA  and  interplanetary  type  II 
burst  were  well  associated  with  an  erupting  filament  at  20° N, 
40° W  and  with  a  CME  observed  by  the  Solwind  coronagraph. 
The  interplanetary  shock  in  this  event  did  not  cause  an  SC, 
but  a  well-defined  disturbance  was  detected  by  the  plasma 
instrument  on  ISEE  3  (W.  C.  Feldman,  private  communi¬ 
cation,  1985)  at  1400  UT  on  December  8.  Following  this  dis¬ 
turbance  an  enhancement  of  singly  ionized  helium  was  detect¬ 
ed  at  ISEE  3  [ Bochsler ,  1983].  The  comprehensive  observa¬ 
tions  of  this  event  by  both  solar  and  interplanetary  instru¬ 
ments  have  provided  an  unambiguous  association  of  energetic 
interplanetary  phenomena  with  an  erupting  prominence  well 
outside  any  active  region. 

3.  Summary  of  Observational  Data 
on  the  Six  Events 

Having  outlined  previous  work  on  each  of  the  six  events,  we 
now  discuss  additional  observations  derived  primarily  from 
reports  in  Solar-Geophysical  Data  (SGD).  In  addition,  we 
examine  the  unpublished  energetic  particle  data  obtained  from 
Goddard  Space  Flight  Center  detectors  on  Helios  1  and  2, 
IMP  8,  and  ISEE  3.  The  results  are  summarized  in  the  various 
observational  areas.  For  clarification  the  information  is  sum¬ 
marized  in  Table  I. 

3.1.  Ha 

We  have  no  data  showing  the  filament  disappearances  of 
January  25  and  July  25,  1977.  Joselyn  and  Bryson  [1980]  and 
Howard  et  al.  [1982]  have  reported  only  the  timings  of  the 


filament  disappearances  of  August  1978  and  November  1979, 
respectively,  but  give  no  further  details.  The  Ha  observaitons 
of  the  April  1979  event  were  discussed  by  Sanahuja  el  al. 
[1983]  (see  also  Tang  [1985]),  and  those  of  the  December 
1981  event  were  shown  by  Kaliler  et  al.  [1986].  Wc  have 
obtained  Ha  images  of  the  April  1979  event  from  Big  Bear 
Solar  Observatory  (M.  Liggett,  private  communication,  1985). 
The  sequence  of  images  showing  the  filament  disappearance 
followed  by  double-ribbon  brightenings  is  presented  in  Figure 
1.  Two  separate  filament  disappearance  events  occurred,  each 
associated  with  Ha  ribbon  brightenings. 

For  the  two  events  where  wc  have  observations,  the  fila¬ 
ment  eruptions  were  accompanied  by  Ha  double-ribbon 
brightenings  which,  since  they  lay  outside  active  regions,  are 
properly  termed  "flarelikc  brightenings"  rather  than  flares 
[ Kaliler  el  al.,  1986].  It  is  probable  that  the  1200  UT  August 
23,  1978,  filament  disappearance  also  was  accompanied  by  a 
double-ribbon  brightening. 

An  examination  of  the  full  disk  Ha  images  of  each  of  the  six 
filaments  shows  that  they  all  lay  outside  active  regions.  Such 
filaments  are  called  quiescent  filaments  rather  than  active 
region  filaments,  but  of  course  in  our  cases  the  quiescent  fila¬ 
ments  were  also  active  in  the  sense  of  erupting. 

3.2.  /-  to  8-A  Soft  X  Rays 

The  soft  X  ray  signature  of  the  December  1981  event  was 
the  most  prominent  of  the  six  events,  consisting  of  a  3-hour 
long  decay  event  (LDE)  with  a  peak  X  ray  flux  of  C3.5 
[Kaliler  el  al.,  1986].  A  CI.5  LDE  with  a  6-hour  duration 
began  at  about  2279  UT  on  April  22,  1979,  at  about  the  time 
of  the  reported  Ha  brightening  associated  with  that  filament 
disappearance  [ Sanahuja  et  at.,  1983], 

Soft  X  ray  events  associated  with  the  remaining  four  events 
were  weak,  at  most.  A  Cl  LDE  occurred  on  November  27, 
1979,  from  about  0630  UT  to  1200  UT,  but  this  event  may  be 
the  soft  X  ray  signature  of  the  flare  reported  in  the  active 
region  near  the  disappearing  fitament  [ Howard  et  al.,  1982], 
Because  the  timings  of  the  January  1977  and  July  1977  fila¬ 
ment  disappearances  are  uncertain  on  time  scales  of  hours,  we 
can  find  possible  LDE  associations  for  both  events,  but  the 
peak  fluxes  of  these  events  are  less  than  CO. 2.  No  soft  X  ray 
event  could  be  associated  with  the  August  1978  event  at  about 
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Fig  2.  Speeds  as  .1  function  of  heliocentric  distance  for  five  eruptive  filament-associated  shocks.  The  squares  denote 

CME  speeds.  Sec  Table  1  for  details 


0130  UT,  at  which  lime  the  background  (lux  was  C0.2.  A  CO  3 
LDE  accompanied  the  presumed  filament  disappearance  al 
1200  UT.  The  X  ray  fluxes  of  these  four  events  must  therefore 
be  well  below  the  Cl  level. 

3  3.  Radio 

Three  gradual  10-cni  bursts  could  be  associated  with  the  six 
events.  Hursts  of  4  and  8  solar  flux  units  at  2800  MHz  were 
observed  at  Ottawa  on  August  23,  1978,  and  December  5, 
1981.  respectively.  A  burst  of  14  solar  llux  units  at  2695  MHz 
was  observed  at  Penticton  on  April  22  and  23,  1979.  No  grad¬ 
ual  microwave  bursts  were  reported  for  any  of  the  other  three 
events.  However,  for  those  events,  only  one  (July  1977)  oc¬ 
curred  during  the  Ottawa  and  Penticton  observing  windows. 
It  is  these  stations  which  usually  report  weak  (  <;  10  solar  flux 
units)  bursts. 

None  of  the  six  events  was  associated  with  any  reported 
metric  type  II  or  type  IV  burst.  We  also  examined  1980-kHz 
data  from  the  ISEE  3  radio  astronomy  experiment  for  any 
associated  events  in  the  kilomctric  range.  Data  coverage  exists 
for  only  the  last  four  of  the  six  events,  and  of  those,  only  two, 
the  April  1979  (see  section  2.4)  and  December  1981  [ Kahler  et 
al.,  1986]  events,  showed  SA  events.  Both  these  events  were 
also  associated  with  interplanetary  type  II  bursts  [Cane, 
I98S],  Emission  at  1980  kHz  did  occur  at  about  the  times  of 
the  August  1978  and  November  1979  events  but  did  not 
appear  to  be  related. 

3  4.  Coronal  Mass  Ejections 

Solwind  coronagraph  observations  were  available  for  the 
three  events  of  April  22,  1979,  November  27,  1979,  and  De¬ 
cember  5,  1981.  For  the  November  1979  and  December  1981 
events,  associated  CMEs  were  observed  with  estimated  speeds 
in  the  plane  of  the  sky  of  600  km/s  [ Howard  et  af„  1982]  and 
840  km/s  [ Kohler  et  al..  1986],  respectively.  By  making  as¬ 


sumptions  about  Ihc  shape  of  the  December  1981  CME, 
Howard  et  al.  [1982]  estimate  a  frontal  speed  of  1160  km/s. 
No  CME  was  found  for  the  April  1979  event,  but  the  first 
observation  after  the  filament  disappearance  was  5  hours  later. 
Observations  of  CME  events  originating  near  disk  center 
show  that  such  CMEs  arc  not  detectable  more  than  3  horns 
after  their  initiation. 

3.5.  Interplanetary  Shock  Speeds  and  Sizes 

The  calculated  or  measured  speeds  of  the  six  interplanetary 
shocks  arc  listed  in  Table  2  and  plotted  in  Figure  2.  Filament 
disappearance  times  were  used  for  shock  initiations  at  the  sun 
The  speed  uncertainties  for  the  January  and  July  1977  events 
reflect  the  use  of  earliest  and  latest  times  of  filament  disap¬ 
pearances.  Spacecraft  shock  observations  or  the  sudden  com¬ 
mencements  (SC)  of  geomagnetic  storms  were  used  for  the 
shock  arrival  times  at  earth.  The  transit  speeds  arc  assumed  to 
give  estimates  of  the  speeds  midway  between  two  observation 
points.  SCs  were  associated  with  four  of  the  events;  in  another 
case  (December  1981)  a  disturbance  was  observed  at  a  space¬ 
craft  located  near  I  AU. 

The  January  1977  event  was  detected  at  Helios  I,  which  was 
situated  13°W  of  the  normal  to  the  filament  site.  It  appears 
that  Ihc  shock  did  not  reach  the  earth  or  Helios  2.  We  do  not 
believe  that  a  minor  shock  observed  at  Helios  2  was  related  to 
the  shock.  Our  reasons  are  as  follows:  a  minor  shock  was 
observed  at  Helios  2  [_Schwenn  el  al.,  1980],  situated  28°  west 
of  Helios  1  at  0.98  AU,  at  2103  UT  on  January  28  and  was 
preceded  by  an  SC  at  1840  UT  which  was  probably  due  to  the 
same  shock.  This  minor  shock  preceded  by  4  hours  the  promi¬ 
nent  shock  at  Helios  I,  although  Helios  1  was  closer  in  lon¬ 
gitude  to  the  filament  eruption. 

A  weak  SC  reported  by  two  stations  on  January  30  may 
have  been  caused  by  a  disturbance  related  to  the  filament 
disappearance.  Tor  the  purpose  of  comparison,  we  use  this  SC 
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DAYS  AFTER  FILAMENT  ERUPTION 

Fig.  3.  Time  profiles  of  2-McV  proion  fluxes  as  observed  al  IMP 
K  The  events  arc  organized  such  lhal  shock  speed  decreases  down  the 
figure.  In  each  event  the  shock  passage  is  indicated  by  a  dashed  line. 
The  positions  of  the  filaments  are  noted. 


time  to  estimate  the  speed  of  the  disturbance  to  the  earth  The 
deduced  transit  speed  is  about  80%  of  the  transit  speed  to 
Helios  I  situated  at  about  the  same  distance  but  closer  to  the 
radial  from  the  shock  origin. 

Other  shock  speed  measurements  and  the  source  references 
are  also  given  in  Table  2.  In  addition,  we  include  the  speeds  of 
the  two  observed  associated  CMEs.  Because  the  relationship 
between  the  CME  leading  edges  and  the  associated  shock 
fronts  is  not  known,  the  CME  speeds  are  joined  to  shock 
speeds  by  dashed  lines  in  Figure  2. 

The  shocks  of  Table  2  are  rather  narrow  in  longitudinal 
extent.  We  sec  that  two  (January  1977  and  December  1981)  of 
the  three  shocks  originating  from  longitudes  located  more 
than  30*  from  central  meridian  did  not  produce  SCs  at  the 
earth.  The  December  1981  event  resulted  in  a  disturbance  at 
I$EE  3  which  was  not  dearly  a  shock.  In  the  November  1979 


event  a  small  disturbance,  but  not  a  shock,  was  seen  at  Helios 
2  on  November  28  when  Helios  2  was  only  30°  east  of  the 
erupting  filament.  The  CME  itself  also  appeared  lo  be  rather 
highly  collimated  when  observed  from  Helios  2  [Jackson, 
1985].  In  the  April  1979  event  a  plasma  disturbance,  but  not  a 
shock,  was  seen  at  Helios  I  when  that  spacecraft  was  only  45* 
east  of  the  erupting  filament.  From  these  observations  we  esti¬ 
mate  the  angular  half-widths  of  the  shocks  to  be  at  most  50° 

3.6.  Energetic  Particles 

Each  of  the  six  events  was  accompanied  by  energetic  parti¬ 
cles.  The  August  1978,  April  1979,  and  December  1981  SEP 
events  have  been  mentioned  in  section  2.  We  find  that  SEP 
events  were  also  associated  with  the  other  three  filament  dis¬ 
appearances.  The  July  1977  and  December  1981  events  were 
well  connected  lo  the  earth,  and  particles  with  energies  up  to 
about  40  and  80  McV,  respectively,  were  detected  in  those 
events.  The  November  1979  event  was  welt  connected  to 
Helios  2.  which  detected  particles  of  up  to  20  McV.  For  the 
three  eastern  hemisphere  events  the  maximum  observed  parti¬ 
cle  energy  was  less  than  15  McV. 

Figure  3  shows  time  profiles  of  IMP  8  ptolon  fluxes  at 
about  2  McV  for  the  six  events,  ordered  as  a  function  of 
decreasing  shock  speed.  It  can  be  seen  that  the  lime  profiles  of 
the  particle  fluxes  are  roughly  centered  at  the  times  of  shock 
passages.  For  the  slowest  shock,  of  August  1978.  there  was  a 
delay  of  2  days  between  the  filament  eruption  and  the  particle 
onset 

3.7.  Singly  Ionized  Helium  Enhancements 
in  the  Solar  Wind 

Enhancements  of  singly  ionized  helium  in  the  solar  wind 
following  the  arrival  of  the  interplanetary  shocks  were  repott¬ 
ed  for  the  January  1977,  July  1977,  and  December  IVM 
events,  as  discussed  in  section  2.  We  arc  not  aware  of  any 
reports  of  singly  ionized  helium  observed  with  the  other  three 
events  of  our  study 

4.  Search  for  Additional  Evlnis 

We  have  looked  for  other  events  with  proj'ertics  sii’ul.u  tv 
those  discussed  above.  We  examined  data  from  the  God.j.nd 
Space  Flight  Center  (GSFC)  energetic  particle  experiment,  on 
IMP  8  and  ISEE  3  for  SEP  events  lacking  the  usual  velocity 
dispersion  characteristic  of  flare-associated  events.  We  also 
used  the  times  of  filament  disappearances  to  search  for  associ¬ 
ated  SEP  events.  However,  we  could  not  find  additional  parti 
cle  events  during  1978  to  1984  which  could  be  associated  as 
confidently  with  erupting  filaments  as  the  six  events  discussed 
here.  A  less  confident  candidate  for  another  example  of  this 
class  of  event  is  the  SEP  event  beginning  on  May  25,  1979. 
and  the  subsequent  SC  at  1850  UT  on  May  29.  If  we  associate 
this  event  with  a  filament  disappearance  at  about  28°N,  22°W 
between  1520  UT  on  May  25  and  0550  UT  on  May  26  (K 
Harvey,  private  communication,  1985),  the  average  shock 
transit  speed  to  the  earth  would  be  420  to  490  km/s,  a  rela¬ 
tively  slow  event  compared  to  the  events  of  our  study.  No 
interplanetary  type  II  burst  was  observed  for  this  shock,  as 
expected  from  its  low  speed  [Cone,  1985]. 

5.  Discussion 

Our  results  show  clearly  that  solar  disturbances  occurring 
outside  active  regions  and  showing  few,  if  any,  of  the  signa¬ 
tures  characteristic  of  "large”  flares  can  result  in  interplanetary 

48 


Cant,  rr  al:  Solar  Filament  Fkuptions 


13.327 


shocks  and  SEP  events.  Joselyn  and  McIntosh  [1981]  have 
emphasized  the  importance  of  disappearing  filaments  as  a 
useful  tool  in  forecasting  geomagnetic  storms.  We  find  that  the 
disappearing  filaments  can  also  give  rise  to  SEP  events  of 
modest  (—10  McV)  energy.  We  emphasize  the  importance  of 
these  events  for  understanding  the  physics  of  shock  propaga¬ 
tion  and  particle  acceleration  in  interplanetary  space. 

5. 1 .  Solar  Origins  of  the  Events 

The  solar  signatures  of  the  six  events  of  this  study  are  simi¬ 
lar.  All  the  disappearing  filaments  lay  outside  active  regions, 
and  they  may  all  have  produced  double-ribbon  Ha  events, 
such  as  the  example  in  Figure  I.  If  any  soft  X  ray  or  micro¬ 
wave  events  occurred,  they  were  weak  and  had  time  scales  of 
hours.  The  events  also  lacked  evidence  of  impulsive  phases  or 
of  coronal  shocks. 

The  common  links  of  these  events  and  large  fiarcs  arc  the 
filament  eruptions  and  double-ribbon  brightenings.  On  this 
basis.  .-1  nzer  ami  t’neuman  [I9S2]  concluded  (hat  a  common 
process  occurs  in  both  large  fiarcs  and  filament  eruption 
events  with  the  fiarcs  being  (he  most  energetic  events.  The 
Skylab  X  ray  events  [cf.  Wehh  el  al .,  1976]  lie  at  the  other  end 
of  the  energy  spectrum.  These  events  were  weak,  long  duration 
soft  \  ray  enhancements  originating  outside  active  regions 
and  associated  with  disappearing  filaments  or  filament 
channels.  In  contrast  to  the  six  events  of  our  study,  some  of 
die  Skylab  X  ray  events  were  not  accompanied  by  detectable 
filaments  and  had  only  faint  patches  of  Ha  brightenings. 
While  the  spectrum  of  filament  eruption  event  sizes  has  pre¬ 
viously  been  appreciated,  the  fact  that  apparently  innocuous 
events,  such  as  those  of  this  study,  can  result  in  both  inter 
planetary  shocks  and  SEP  events  has  not  generally  been  un¬ 
derstood. 

5  2  SI. I*  [.real  i  Sources 

Liaison  el  al.  [1982]  have  compared  the  £>30  McV 
proton  profiles  for  two  kinds  of  Hare  SEP  events,  those  with 
associated  interplanetary  shocks  and  those  without.  They  con¬ 
cluded  that  large  particle  events  can  have  two  components. 
The  first  component  consists  of  particles  which  escape  directly 
from  the  corona  and  arc  easily  observed  from  regions  well 
connected  to  the  particle  source  region.  The  second  compo¬ 
nent  has  a  time  scale  of  days  and  results  from  the  acceleration 
of  particles  by  interplanetary  shocks.  Lee  [1983]  has  summa¬ 
rized  the  properties  of  such  shock-associated  ESP  events. 

The  two-component  model  is  also  an  appropriate  descrip¬ 
tion  for  the  SEP  events  of  our  study,  but  here  the  second 
component  seems  to  be  dominant,  consistent  with  the  lack  of 
the  usual  flare  signatures  of  impulsive  phenomena  and  metric 
radio  bursts.  We  illustrated  the  SEP  profiles  in  Figure  3  and 
showed  the  gradual  rises  with  maxima  near  the  arrival  limes 
of  the  associated  shocks.  Metric  type  II  bursts  arc  the  well- 
known  signatures  of  coronal  shocks  which  have  a  good  associ¬ 
ation  with  >  10-McV  proton  events  [Svestka  and  Frilzova- 
Svestkova,  1974]  and  are  presumed  to  be  the  sources  of  the 
first  particle  component.  Although  there  are  no  type  II  bursts 
associated  with  the  six  SEP  events  in  our  study,  the  presence 
of  SA  activity  in  at  least  two  events  can  be  taken  as  evidence 
of  a  coronal  shock.  However,  the  coronal  shock  responsible 
for  the  acceleration  of  the  particles  comprising  the  first  com¬ 
ponent  did  not  form  or  did  not  radiate  until  high  in  the 
corona  (i.c .  below  the  ground-based  observing  frequency 
range) 


Two  events  (July  25.  1977.  and  December  5,  1981)  were  well 
connected  to  the  earth  and  showed  clear  evidence  of  velocity 
dispersion  in  the  McV  range,  which  is  characteristic  of  fiarc- 
associalcd  SEP  events.  At  energies  above  10  MeV  these  events 
had  the  usual  profiles  associated  with  flare  events,  i.e.,  a  rapid 
onset  and  a  slower  decay.  This  charac'cristic  *>-  .pe  was  also 
seen  for  the  November  1979  cv.i  i  "Hc_  ,.vcd  from  Helios 
I .  which  had  a  connection  longitude  of  37"W. 

Within  our  limited  statistics  it  seems  that  the  first  part1.  <■ 
component  is  more  restricted  in  the  filament  eruption  events 
than  in  flare  events.  The  rapid  onset  and  gradual  decay  pro¬ 
files  can  be  seen  in  flare  r.  wnich  originate  near  central 
meridian,  yet  only  the  disappearing  filament  events  connected 
near  50"W  have  this  shape.  Assuming  that  prompt  particles 
arc  injected  only  onto  field  lines  directly  connected  lo  a  coro¬ 
nal  shock,  we  suggest  that  in  the  filament  eruption  events  the 
coronal  shock  extends  over  a  limited  range  in  heliolongitude 
The  lack  of  metric  type  II  activity  is  an  indication  thal  the 
corona  I  shocks  in  these  events  arc  probably  rather  weak. 

5.3  Shock  Characteristics 

We  find  thal  the  six  shocks  of  our  study  originated  within 
50'  of  central  meridian  and  that  only  four  of  the  ‘.hocks  were 
responsible  for  SCs  at  the  earth.  This  fact  and  the  other  obser¬ 
vations  discussed  in  section  3.5  suggest  that  the  shocks  associ¬ 
ated  with  disappearing  filaments  extend  at  most  to  50  m 
hcliographic  longitude  from  the  source  normal.  In  contrast, 
flare-associated  shocks  can  extend  to  90°  [C'mtc,  19851- 

In  recent  scars  a  number  of  observations  concerning  inter¬ 
planetary  shock  s|x-cds  us  a  function  of  heliocentric  distance 
have  become  available.  The  first  kind  of  observation  is  the 
direct  m  siiu  measurements  of  the  solar  wind  from  the  Helios 
!  spacecraft  flic  positions  of  the  Helios  spacecraft  ranged 
from  0  3  lo  10  A  Li.  so  one  can  use  the  Helios  observations  to 
learn  how.  in  a  statistical  sense,  shocks  evolve.  Figure  4  shows 
in  situ  shock  speeds  as  a  function  of  heliocentric  distance  for 
the  shocks  associated  xvith  CMEs  presented  by  Shrelcy  el  al 
[1985],  Only  the  wcll-dcter  nined  shock  speeds  were  used.  The 
figure  shows  thal  whereas  at  0.5  AU,  shock  speeds  range  from 
about  400  to  1300  km/s,  the  range  at  i  AU  is  much  smaller, 
approximately  450  lo  650  km/s.  This  means  that  most  shocks 
decelerate  cn  route  lo  I  AU.  an  interpretation  supported  by 
the  Sliccley  el  al.  [1985]  comparison  of  Solwind  CML  and 
Helios  1  shock  observations.  They  founj  that  flic  average 
shock  transit  speeds  were  generally  higher  than  the  in  situ 
shock  speeds,  indicating  that  the  shocks  must  undergo  a  decel¬ 
eration  between  the  sun  and  ffelios  I. 

Speed  profiles  for  individual  shocks  within  0.3  AU  of  the 
sun  have  been  presented  by  Woo  el  al.  [1985],  Their  analysis 
combined  spacecraft  Doppler  scintillation  observations  with 
coronagraph  and  in  situ  plasma  measurements.  1  ;teir  derived 
speed  profiles  for  a  number  of  shocks  arc  shown  by  the  curves 
in  Figure  4.  The  heavy  curves  correspond  to  shock*  vhich  are 
well  associated  with  flares;  all  these  shocks  gene,  ated  inter¬ 
planetary  type  II  radio  emission  [Cane,  1985].  The  light 
curves  correspond  to  the  slow  shocks  of  their  study,  which 
suggest  acceleration  or  at  least  constant  speed  out  to  quite 
large  distances.  Woo  el  al.  [1985]  did  not  associate  these 
shocks  with  flares.  By  comparing  Figures  2  and  4,  it  can  be 
seen  (hat  all  (he  shocks  of  our  study  except  that  of  April  1979 
are  relatively  low  speed  shocks.  We  suggest  a  continuum  of 
speed  profiles  ranging  from  strong  flare-associated  shocks, 
which  arc  fast  and  decelerate  rapidly,  to  the  eruptive  filament- 
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Fig.  4.  Shock  speeds  measured  in  silu  at  a  number  of  helioceniric  distances  [Sliccley  ct  al.,  1985],  each  circle  repre¬ 
sents  a  single  shock.  Also  shown  are  speed  profiles  for  a  number  of  shocks  [I V oo  el  al.,  1985).  The  heavy  curves  identify 
the  strong  flarc-associjted  events.  The  scale  of  this  figure  is  the  same  as  that  of  Figure  2,  and  it  can  be  seen  that  apart  from 
the  April  1979  event  the  eruptive  events  of  our  study  arc  relatively  slow. 


associated  events  which  are  low-speed  shocks  and  may  not 
decelerate  at  all. 

5.4.  Singly  Ionized  Helium  Enhancements 

The  first  report  of  a  substantial  enhancement  in  abundance 
of  singly  ionized  helium  in  !hc  solar  wind  was  reported  by 
Scfiwenn  et  af.  [1980],  who  attributed  its  origin  to  eruptive 
prominence  material.  Because  solar  wind  plasma  analyzers 
have  not  been  designed  to  look  for  this  ion,  which  was  ex¬ 
pected  to  have  a  very  low  abundance,  the  number  of  reported 
singly  ionized  helium  enhancements  is  only  about  15  (see  the 
review  of  Dame  [1983]).  The  fact  that  three  of  those  events  are 
also  included  in  the  events  of  our  study  supports  the  view  that 
the  enhancements  arc  due  to  eruptive  prominence  material. 
Several  other  singly  ionized  helium  enhancements  not  men¬ 
tioned  in  this  paper  also  appear  to  be  associated  with  eruptive 
prominences.  Schyyenn  [1983]  associated  an  enhancement  ob¬ 
served  at  Helios  1  following  a  shock  on  May  9,  1979.  with  an 


observed  eruptive  prominence  on  the  west  limb.  Zwickl  ct  al 
[1982]  found  two  additional  enhancements  in  a  search  of 
plasma  data  from  1972  to  1980.  One  of  (hose  events,  following 
an  SC  at  2000  UT  on  December  I.  1977,  may  have  been  due 
to  a  quiescent  f.lament  disappearance  in  the  northeast  quad¬ 
rant  of  the  sun  between  1500  UT  on  November  28  and  1500 
UT  on  November  29.  As  in  the  cases  of  our  six  events,  no 
metric  type  II  bursts  were  associated  with  the  May  1979  and 
November  1977  filament  disappearances. 

One  of  the  singly  ionized  helium  enhancements  is  of  interest 
because  of  its  flare  association.  The  enhancement  observed  on 
January  13,  1967  [Dame,  1983],  following  the  SC  at  1203  UT 
was  associated  with  a  3B  flare  in  McMath  region  8632  on 
January  1 1.  A  very  large  filament  was  present  before  the  flare 
and  absent  on  the  following  day.  A  metric  type  II  burst  at 
0223  UT  was  associated  with  the  flare,  but  the  only  associated 
microwave  burst  W3S  a  gradual  rise  and  fall  event  of  15  solar 
flux  units.  We  suggest  that  the  January  1967  event  is  inter¬ 
mediate  between  the  filament  eruption  events  discussed  in  this 
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study  and  the  well-known  large  active  region  flares 
characterized  by  prominent  impulsive  phases. 

6.  Conclusions 

We  have  examined  the  solar  and  interplanetary  character¬ 
istics  of  six  interplanetary  shock  and  SEP  events  resulting 
from  erupting  filaments.  The  common  features  of  these  events 
were  (I)  the  disappearance  of  a  quiescent  filament;  (2)  the 
appearance  of  a  double-ribbon  Hot  brightening  and  a  weak 
soft  X  ray  and  microwave  burst,  all  with  time  scales  of  hours; 

(3)  the  absence  of  a  metric  type  II  burst  or  an  impulsive  phase; 

(4)  an  interplanetary  shock  with  a  lower  speed  and  smaller 
angular  size  than  those  associated  with  large  flares;  (5)  a  SEP 
event  of  low  energy  (£  <  50  MeV)  with  fluxes  strongly  influ¬ 
enced  by  the  shock;  and  (6)  an  enhancement  of  singly  ionized 
helium  in  the  solar  wind. 

We  suggest  that  interplanetary  shocks  and  SEP  events  arc 
due  to  a  broad  spectrum  of  solar  eruptive  disturbances.  At  one 
end  of  the  spectrum  arc  the  very  energetic  active  region  flares 
accompanied  by  strong  impulsive  phases  and  coronal  shocks, 
prompt  acceleration  of  SEPs.  and  fast  and  broad  interplan¬ 
etary  shocks  which  undergo  substantial  interplanetary  deceler¬ 
ation.  These  events  command  considerable  attention  because 
of  their  easy  detectability  in  nearly  every  observing  waveband. 
At  the  other  end  of  the  spectrum  are  the  unreported  and 
relatively  unfamiliar  events  characterized  by  the  eruption  and 
ejection  of  cool  filamentary  material  from  coronal  quiescent 
regions.  Other  than  the  Ha,  soft  X  ray,  and  microwave  en¬ 
hancements.  often  too  faint  to  be  observed,  their  chief  manifes¬ 
tations  arc  interplanetary  shocks  of  relatively  low  speeds, 
which  may  decelerate  or  move  uniformly  through  the  inter¬ 
planetary  medium.  If  the  mass  of  the  cool  ( ! O'*  K.)  ejected 
material  is  substantial  ami  the  observing  solar  wind  plasma 
spectrometer  sufficiently  sensitive,  these  events  may  be  detect¬ 
ed  as  enhancements  of  singly  ionized  helium. 
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ABSTRACT 

II  is  generally  presumed  lhal  £  S  1  McV  per  nucleon  solar  particle  cvcnls  of  enhanced  abundances,  referred 

10  as  "3Hc-rich"  or  “Z-rich”  events,  arc  due  lo  a  Iwo-stcp  acceleration  process.  The  first  step  selectively  heals 
3Hc  and  certain  heavy  ions  such  as  Fc  to  a  threshold  energy  for  the  second  step,  which  then  provides  the  bulk 
of  the  particle  energization.  If  the  second  phase  involves  the  same  process  that  operates  lo  produce  energetic 
particle  events  of  normal  abundances,  3Hc-rich  events  should  be  significantly  associated  with  both  metric  type 

11  bursts  and  coronal  mass  ejections,  as  arc  solar  energetic  particle  events  of  normal  abundances.  Using  66 
5Hc-rich  periods  observed  on  ISEE  3  from  1979  to  1982.  we  find  that  these  associations  arc  due  only  to 
random  chance  unless  the  3He-rich  event  is  accompanied  by  an  energetic  proton  event.  This  and  other  recent 
evidence  indicates  that  enhanced  abundance  cvcnls  may  be  produced  only  in  the  impulsive  phases  of  flares, 
while  normal  abundance  events  arc  produced  in  subsequent  flare  shock  waves. 

Subject  headings:  Sun:  corona  —  Sun:  flares  —  Sun:  radio  radiation 


i.  introduction 

The  physical  origin  of  energetic  (~  10  McV)  particles  pro¬ 
duced  in  (he  solar  corona  and  detected  in  interplanetary  space 
remains  unclear.  However,  two  observational  signatures  now 
appear  well  associated  with  energetic  proton  events.  Svcsika 
and  Fritzova-Svcstkova  (1974)  concluded  that  50%-75%ofa!l 
proton  cvcnls  observed  over  a  30  month  period  were  preceded 
by  metric  type  II  radio  bursts.  More  recently.  Kahlcr  ef  al. 
(1984)  found  that  nearly  all  dare  proton  events  are  associated 
with  coronal  mass  ejections  (CMEs)  These  observations 
suggest  an  important  role  for  coronal  shocks  in  proton  acceler¬ 
ation. 

Elemental  and  isotopic  abundances  found  in  large  solar 
energetic  particle  cvcnls  of  £  —  1-10  McV  per  nucleon 
(hereafter  McV  n~‘)  generally  match  accepted  solar  coronal, 
but  not  photosphcric,  abundances  (Cook,  Stone,  and  Vogt 
1984).  This  is  often  not  true  for  smaller  events,  however,  where 
substantial  enhancements  of  JHe/*He  and  (Z  >  6)/H  over 
solar  abundances  arc  seen  (Anglin,  Dietrich,  and  Simpson 
1977;  Zwickl  el  al.  1978;  Mason  ef  al.  1980).  Of  particular 
interest  arc  the  “  ■’Hc-rich"  events,  characterized  by  3He/ 
*He  ;>  0.2,  nearly  three  orders  of  magnitude  larger  than  the 
solar  wind  or  solar  prominence  values  of  4  x  10'*  (Coplan  ef 
al.  1983;  Hall  1975).  The  properties  of  these  events  were 
reviewed  by  Ramaty  ef  al.  (1980),  who  tabulated  all  JHc-rich 
events  observed  through  1976.  This  list  was  updated  to  1980  in 
the  recent  review  article  by  Kocharov  and  Kocharov  (1984). 

Several  explanations  have  been  advanced  to  account  for 
these  events  with  enhanced  abundances.  They  generally  invoke 
a  two-step  process  consisting  of  JHe  or  high-Z  enrichment 

1  Sachs/Frceman  Associates.  Inc,  Bowie.  Maryland, 


through  nontherma!  healing,  followed  by  the  second  process, 
which  provides  most  of  the  energization  As  a  first  process  Fisk 
(1978)  proposed  selective  healing  by  a  resonant  interaction 
with  ion  cyclotron  waves.  Varvoglis  and  Papadopoulos  (1983) 
considered  the  nonlinear  physics  of  particle  energization  by  ion 
cyclotron  waves  and  found  the  dominant  process  to  be  non- 
rcsonant.  This  eliminated  the  requirement  for  exciting  *Hc*  * 
cyclotron  waves  in  Fisk’s  model.  Alternative  proposals  by 
Ibragimov  and  Kocharov  (1977)  and  Kocharov  and  Grish¬ 
chenko  (1983)  invoked  Langmuir  waves  and  ion  sound  waves, 
respectively,  for  the  initial  heating  process.  However,  Weather- 
all  (1984)  has  shown  that  the  velocity  diffusion  coefficient  used 
by  Ibragimov  and  Kocharov  (1977)  and  by  Kocharov  and 
Orishchcnko  (1983)  is  not  proportional  to  Z4//t3,  where  Z  is 
the  charge  and  A  the  mass  of  the  ion,  but  rather  to  Z2/A}. 
Their  mechanisms  therefore  do  not  have  the  required  sensi¬ 
tivity  to  ion  charge  needed  to  account  for  the  enhanced  particle 
abundances.  Melrose  (1983)  has  argued  that  preaccelcration 
mechanisms  which  draw  a  small  fraction  of  the  ions  out  of  the 
tail  of  a  Maxwellian  distribution  will  lead  to  unacceptably  low 
abundances  for  accelerated  ions  due  to  the  slower  speeds  of  the 
heavier  ions.  This  conclusion  holds  for  both  events  of  normal 
and  enhanced  compositions. 

An  important  question  is  whether  the  enhanced  event  ions 
arc  energized,  after  the  presumed  first-step  heating,  in  the  same 
way  as  ions  in  the  larger  cosmic-ray  events  of  normal  abun¬ 
dances.  Studies  of  associated  flares  could  be  helpful  in  this 
regard,  but,  in  contrast  to  the  larger  events,  it  is  usually  difficult 
to  determine  flare  associations  for  the  enhanced  events.  Prob¬ 
able  Ha  source  flares  appear  lo  be  small  subflares  at  well- 
connected  longitudes  (Zwickl  el  al.  1978),  but  the  low  particle 
fluxes  and  energies  generally  result  in  injection  times  too 
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poorly  determined  to  make  specific  flare  associations  (Anglin, 
Dietrich,  and  Simpson  1977).  However,  Kocharov  and 
Kocharov  (1984)  identified  parent  solar  flares  for  18  cases  in 
which  short-duration  ,He-rich  events  were  associated  with 
energetic  proton  events.  They  found  that  type  II  bursts  were 
associated  with  40%-50%  of  those  flares,  a  result  reported 
earlier  by  Kocharov  (1979).  This  suggests  a  common  second 
step  acceleration  mechanism  for  normal  and  enhanced  abun¬ 
dance  events. 

Statistical  comparisons  have  also  been  used  to  suggest  that 
the  flare  acceleration  mechanism  is  the  same  for  the  two  kinds 
of  events.  An  observed  similarity  in  their  energy  spectra  led 
Zwickl  et  al.  (1978)  to  suggest  a  common  acceleration  mecha¬ 
nism.  Mason  el  al.  (1980)  pointed  out  that  the  variation  of 
abundance  ratios  increases  smoothly  with  decreasing  size, 
giving  no  evidence  that  the  small  events  represent  a  separate 
compositional  class.  They  suggested  that  enhanced  abun¬ 
dances  may  occur  only  over  small  regions  and  (hat  if  particles 
from  only  such  a  region  are  accelerated,  an  enhanced  abun¬ 
dance  event  results.  In  the  intense  flux  events,  on  the  other 
hand,  these  particles  are  mixed  with  (hose  from  larger  regions 
rtf  norrria!  ubundnnccs  ancf  the  result  appears  as  an  event  s f 
normal  solar  abundances.  Implicit  in  the  Mason  el  cl.  (1980) 
view  is  that  both  populations  of  particles  arc  accelerated  in  the 
same  mechanism 

In  this  paper  we  ask  whether  the  energetic  particles  of  3Hc- 
rich  events  arc  accelerated  in  the  same  process  as  that  resulting 
in  particles  of  normal-abundance  events.  Wc  first  present  in  §  II 
a  list  of  66  3Hc-rich  events  observed  with  the  Goddard  Space 
Flight  Center  (GSFC)  particle  detector  on  ISEE  3.  Wc  then 
show  that  these  events  arc  not  statistically  associated  with 
either  of  the  two  common  signatures  of  normal-abundance 
events,  metric  type  II  bursts  and  coronal  mass  ejections.  The 
implications  of  this  result  arc  discussed  in  5  III 

It.  DATA  ANALYSIS 

The  66  3Hc-rich  events  in  the  1.3- 1.6  McV  n  '  energy  range 
were  obtained  from  a  survey  of  data  from  the  ISEE  3  very 
low-energy  telescope  (VLET)  The  detector  was  described  by 
von  Roscnvingc  el  al.  (1978)  and  its  elemental  and  isotopic 
resolution  by  von  Roscnvingc  and  Rcamcs  (1979).  The  survey 
and  the  criteria  for  selecting  the  ■’Hc-rich  periods  were  dis¬ 
cussed  in  detail  by  Reamcs  and  von  Roscnvingc  (1983).  The 
3Hc  and  4Hc  fluxes  were  averaged  in  6  hr  intervals  from  1978 
August  15  to  1982  July  10.  A  3Hc-rich  interval  had  to  meet  the 
following  criteria:  (I)  the  uncertainty  in  the  3Hc  flux  was  less 
than  50%;  and  (2)  the  3Hc/4Hc  ratio  was  ^0.20.  Candidate 
3Hc-rich  events,  consisting  of  two  or  more  successive  3He-rich 
intervals,  were  observed  with  higher  time  resolution  to  identify 
obvious  multiple  events  and  define  the  onset  times.  The  66 
events  arc  listed  in  Table  1.  The  3He/*Hc  ratios  of  Table  I  arc 
averaged  over  the  event  durations  and  are  not  corrected  for 
ambient  background  levels.  Only  in  about  half  the  events  (35) 
were  distinct  associated  increases  in  the  4He  flux  observed. 
These  events  arc  plotted  in  Figure  1.  In  the  remaining  31 
events,  no  accompanying  increase  in  the  4He  flux  was 
observed,  so  the  resulting  3He/4Hc  ratios  are  lower  limits  only. 
These  events  are  noted  in  Table  1. 

Only  15  of  the  66  JHe-rich  events  were  accompanied  by 
obvious  £  ^  1  MeV  proton  events.  These  events  are  indicated 
in  the  last  column  of  Table  I.  Twelve  of  the  15  proton  events 
are  also  associated  with  4 He  flux  increases  and  shown  in 
Figure  I.  The  median  ’Hc/'Hc  ratio  for  the  12  proton  events  is 
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Ftc.  I. — Average  'He/4  He  values  vs.  'He  fluenccs  for  I  he  events  of  Tabic  I 
with  observed  'He  flux  increases.  Events  with  accompanying  proton  events 
arc  indicated  with  circles.  The  median  JHe/4He  value  for  the  proton  event  is 
0.42.  for  all  35  events  il  is  0.76  The  median  'He  Oucnce  for  the  proton  events  is 
I  6  v  10'  (cm'  sr  McV  n "  ;  for  all  35  events  it  is  2  2  x  !0j  (cm1  sr  McV 
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0.42,  compared  to  a  higher  value  of  0.76  for  all  35  events.  The 
proton  cvenis  arc  also  associated  with  a  smaller  median  ’Me 
llucncc,  1.6  x  IO3  (cm3  sr  McV  n " ') "  '.  compared  to  2.2  x  10’ 
(cm3  sr  McV  n  ') '  1  for  all  35  events. 

Multiple  injections  well  associated  with  low-energy  electron 
events  (Rcamcs,  von  Roscnvingc,  arid  Lin  1984)  characterize 
most  3Hc-rich  events.  The  electron  associations,  (he 
occurrence  of  spike  events,  and,  for  larger  events,  the  velocity 
dispersion  and  magnetic  field-aligned  arrival  from  the  solar 
direction  all  suggest  nearly  scattcr-frcc  propagation  from  well- 
connected  sources.  In  this  study  wc  use  only  the  event  onset 
limes  in  our  search  for  the  solar  signatures  of  3Hc-rich  events. 
The  approximate  Sun-Earth  propagation  time  for  a  1.3  McV 
n ' 1  particle  is  3  hr.  Allowing  several  hours  for  the  uncertainty 
in  the  determination  of  event  onset  times  and  an  additional 
several  hours  for  possible  coronal  and  interplanetary  propaga¬ 
tion,  wc  select  the  time  interval  0-10  hr  prior  to  the  event  onset 
as  the  period  to  search  for  solar  signatures  of  the  3 Hc-r iclt 
events. 


a)  Metric  Type  II  Burst  Associations 

For  each  of  the  66  events  of  Table  I  we  looked  for  metric 
type  II  burst  listings  in  Solar-Geophysical  Data  (1978-1982) 
during  the  10  hr  period  preceding  the  event  onset.  We  found 
type  II  bursts  during  16  of  these  66  periods.  As  control  samples 
wc  also  examined  the  same  10  hr  time  periods  I  day  earlier  and 
I  day  later  for  each  event.  As  shown  in  Table  2,  there  were  12 
type  II  bursts  for  the  66  10  hr  periods  1  day  earlier  and  another 
12  bursts  for  the  66  periods  I  day  later.  The  periods  imme¬ 
diately  preceding  the  JHe-rich  events  therefore  have  only  a  few 
more  type  II  bursts  than  the  earlier  and  later  control  periods. 

When  wc  consider  the  proton-associated  events  separately,  a 
different  picture  emerges.  Six  of  the  15  events  with  protons 
were  associated  with  type  II  bursts  in  the  preceding  10  hr 
period,  compared  with  only  two  for  the  preceding  day  and 
none  for  the  following  day.  In  addition,  the  event  of  1980 
March  25  1500  UT  was  probably  associated  with  a  type  II 
burst  at  0424  UT  on  that  date,  10.6  hr  prior  to  the  3Hc  event 
onset.  Counting  this  event  as  associated,  wc  get  a  total  of  seven 
of  15  proton  events  with  type  II  bursts.  This  result  is  similar  to 
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TABLE  1 


ISEE  J  *He  Event  List 


JHc  Onscl  Time 

(UT) 

Duration 

(hr) 

JHc  Rue  nee 

(em'sr  McVn-'r* 

Average 

Proton 

Event* 

1978  Oct  23  1600 . 

24 

1293. 

1.10  ± 

0.19 

yes 

1978  Nov  3  0800  . 

28 

3884. 

1.29 

0.14 

yes 

1978  Nov  8  2200  . 

24 

411. 

0.36 

0.10 

y« 

1978  Nov  27  2000  . 

24 

766. 

26 

+  36.  - 

-  10.* 

no 

1978  Dec  26  1800 . 

20 

2589. 

2.07 

0.30 

no 

1979  Feb  6  0200  . 

72 

1314. 

1.00 

0.17 

no 

1979  Feb  100500 . 

48 

4127. 

1. 11 

Oil 

no 

1979  Mar  24  <1530 . 

16 

646. 

5.6 

+  5.6  - 

-  1.9* 

no 

1979  May  17  0900 . 

30 

5118. 

5.94 

0.93* 

no 

1979  Jun  11  2000  . 

36 

3776. 

0.15 

0.02* 

no 

1979  Aug  15  0800  . 

14 

1892. 

0.26 

0.04* 

no 

1979  Sep  6  1400  . 

44 

2924. 

0.43 

005 

no 

1979  00  3  1600  . 

40 

2155 

0.60 

008 

no 

1979  Oct  5  1800  . 

(6 

406. 

028 

008* 

no 

1979 Oct  220000 . 

72 

8  79. 

1.54 

0.33 

no 

1979  Nov  3  2200 . 

12 

332. 

0.34 

0.1 1* 

no 

1979  Dec  14  1200 . 

36 

33460 

1.67 

0.07 

no 

1979  Dec  19  0400 . 

12 

476. 

2.80 

1.15 

no 

1979  Dec  20  2000 . 

12 

217. 

032 

Oil* 

yes 

1979  Dec  23  1100 . 

48 

7259. 

2.67 

033 

yes 

1980  Jan  13  2400  . 

32 

5433. 

1.80 

0.18 

no 

1980  Feb  4  2300  . 

16 

3972. 

0.96 

0.10* 

no 

1980  Feb  1 1  0400 . 

36 

1524. 

060 

0.09* 

no 

1980  Feb  13  2000  . 

12 

2329 

1.09 

0.14 

no 

1980  Mar  1  0800  . 

36 

1136. 

8.80 

3  12 

no 

1980  Mar  16  1000  . 

32 

317. 

1.27 

0  45 

no 

1980  Mar  25  1500  . 

24 

1515. 

044 

0.09 

yes 

1980  Mar  27  0200  . 

36 

761. 

0  36 

0.08* 

no 

1980  Mar  290000  . 

32 

780 

1  25 

0  30* 

yes 

1980  Mar  30  1400  . 

16 

3916. 

076 

0.07 

no 

1980  Apr  2  2200  . 

16 

2945. 

0  37 

005- 

no 

1980  Apr  12  1400  . 

12 

382 

0.38 

0  11* 

no 

1980  Apr  13  1300  . 

8 

206. 

0.18 

008 

no 

1980  Apr  15  0800 . 

48 

850. 

045 

009* 

yes 

1980  Jun  23  0600  . 

18 

5394 

0  43 

004 

yes 

1980  Jun  28  0200  . 

28 

951. 

0  21 

004 

yes 

1980  Jun  29  1600  . 

18 

1723. 

035 

0  05 

yes 

1980  Jul  9  0200  . 

12 

1288 

0  30 

005 

yes 

1980  Nov  9  1700  . 

20 

16738. 

143 

0  08 

no 

1980  Nov  15  1300  . 

8 

4050 

1.27 

0  14* 

no 

1980  Dec  16  1900 . 

16 

1340 

0  45 

008 

yes 

1980  Dec  20  1300 . 

12 

757 

1  25 

0  29* 

no 

1980  Dec  21  0400 . 

44 

1270. 

0  77 

0  1 3* 

no 

1980  Dec  24  2000  . 

36 

612 

269 

085* 

no 

1981  Feb  5  1400  . 

12 

352 

1  49 

0.57* 

no 

1981  Mar  13  1800  . 

18 

575 

1.76 

0  51* 

no 

1981  Mar  23  0800  . 

36 

2211. 

0.28 

004 

yes 

1981 Jun  15  .800  . 

18 

979. 

1  04 

0  20* 

no 

1981  Jun  18  0200  . 

14 

280. 

028 

009 

no 

1981  Jul  1 7  1200  . 

20 

390. 

0.51 

0  14 

no 

1981  Jul  200800 . 

6 

411. 

32. 

+  oo  - 

16* 

no 

1981  Jul  31  >0400  . 

24 

3727. 

0.33 

003 

no 

1981  Sep  2  1200  . 

24 

956 

0  39 

008* 

no 

1981  Sep  11  1600  . 

12 

816. 

0.46 

0.10* 

no 

1981  Sep  130000  . 

24 

403. 

0.64 

0.18* 

no 

1981  Sep  15  2200  . 

36 

7825. 

1.17 

0.10 

no 

1981  Nov 20  1330  . 

36 

3407. 

0.J6 

002 

no 

1981  Dec  50600  . 

12 

396. 

087 

0.29* 

no 

1982  Feb  12  0600 . 

30 

9602. 

0  54 

003* 

no 

1982  Mar  5  <0600 . 

24 

374. 

4.0 

+  9.5  - 

1.6* 

no 

1982  Mar  10  1600  . 

28 

22718. 

088 

004 

no 

1982  Mar  18  2000  . 

24 

1333. 

0.39 

006* 

no 

1982  Apr  3  1100 . 

18 

1397. 

0.56 

0.10* 

no 

1982  Jun  25  0800  . 

12 

4533. 

0.23 

003 

no 

1982  Jun  25  2300  . 

12 

12787. 

0.41 

004 

yes 

1982 Jun  30  1300  . 

12 

1600. 

0.88 

0.14 

no 

*  No  observed  associaied  *He  flux  increases.  The  ralio  is  based  on  the  ambient  4He  (luence. 
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TADLE  2 

Tvrc  II  Duust  Associations  fo*  thc  ’He  Events 


Time  Period  Examined 

All  Event*  (66) 

Events  with 

MeV  Proton*  (15) 

Events  with  No 
McV  Protons  (51) 

0-10  hr  prior  to  event  onset  . 

16 

7* 

10 

Same  interval,  1  day  earlier . 

12 

2 

to 

Same  interval,  l  day  later . 

12 

0 

12 

•  Indudes  Ihe  type  II  burst  of  1980  Msr  25  0424  UT.  which  began  10.6  hr  before  the  ’He  onset,  but  is 
considered  associated  with  the  parent  Rare  of  thc  particle  event. 


the  40%-50%  figure  for  type  II  burst  associations  reported  by 
Kocharov  and  Kocharov  (1984)  for  proton-associated  events, 
and  is  significantly  above  the  random  type  11  burst  occurrence 
rate. 

Thc  expected  type  II  association  for  proton  events  can  be 
inferred  from  data  in  Svcstka  and  Simon  (1975).  Using  only 
their  £  >  10  McV  confirmed  proton  events  for  which  thc  Hare 
association  is  certain  and  for  which  dynamic  spectra  in  thc 
metric  wavelength  range  are  available,  we  find  that  84  of  112 
events,  or  75%.  were  associated  with  reported  type  II  bursts. 
Three  of  the  15  proton  events  of  Table  I  could  not  be  associ¬ 
ated  with  either  Ha  (lares  or  type  II  bursts,  so  for  thc  probable 
flare  associations  we  get  seven  type  II  bursts  for  12  proton 
flares,  a  rate  lower  Ilian,  but  not  inconsistent  with,  the  Svcstka 
and  Simon  association  rate. 

Type  II  burst  associations  for  the  51  remaining  evcn'<  of 
Table  1  with  no  accompanying  energetic  protons  arc  shown  in 
the  last  column  of  Table  2.  It  is  obvious  that  for  the  ''pure” 
3Hc  events  there  is  no  significant  association  with  type  II 
bursts. 

b)  Coronal  Mass  Ejection  Associations 

Thc  Solwind  coronagraph  has  been  described  by  Shccley  et 
al.  (1980)  Since  1979  March  it  has  provided  images  of  the  solar 
white  light  corona  from  2.5  to  10  R0  with  an  angular 
resolution  of  K25  per  pixel.  CMEs  are  easily  detected  in  differ¬ 
enced  images  obtained  by  subtracting  a  base  image  taken  at 
the  beginning  or  middle  of  each  day  from  those  taken  in  sub¬ 
sequent  orbits.  Thc  data  coverage  is  not  uniform  and  numer¬ 
ous  gaps  exist,  so  it  is  necessary  to  assume  thc  period  of  time 
prior  to  a  subtracted  image  during  which  any  CMC  could  be 
detected  in  thc  image.  In  our  case  we  take  a  relatively  con¬ 
servative  time  period  of  3.0  hr. 

A  CME  with  a  nominal  speed  of  ~400  km  s' 1  travels  about 
2  R0  hr'  *,  so  to  observe  a  CME  in  thc  Solwind  coronagraph 
field  of  view,  we  must  allow  1  hr  from  the  time  the  CME  leaves 
the  Sun.  To  look  for  any  CMEs  leaving  thc  solar  disk  in  thc 
period  0-10  hr  prior  to  a  JHc-rich  event  onset,  we  look  at  the 
Solwind  data  during  the  period  from  9  hr  before  to  1  hr  after 
the  event  onset.  Assuming  that  any  CME  will  be  observed  in  a 
Solwind  subtracted  image  obtained  up  to  3  hr  later,  we  found 
that  some  Solwind  data  coverage  existed  for  45  of  the  66  events 
of  Table  1.  Nine  of  the  45  events  were  also  proton  events. 

In  each  10  hr  time  interval  we  looked  for  west  limb  CMEs 
on  thc  assumption  that  the  3He-rich  event  sources  are  well 
connected  to  the  Earth.  We  first  looked  only  for  fast  CMEs 
with  speeds  of  V  ^  400  km  s'1,  those  found  to  be  associated 
with  proton  events  (Kahler  el  al.  1984).  Definite  fast  CMEs 
were  found  for  only  two  events,  those  of  1979  November  3  and 
1981  March  23.  In  addition,  possible  CMEs  of  undetermined 
speeds  were  found  in  thc  10  hr  periods  preceding  four  other 


events.  Thus,  only  two  to  six  of  the  45  3He-rich  events  could  be 
associated  with  fast  west  limb  CMEs.  This  is  far  fewer  than  the 
26  out  of  27  cases  for  proton  events  with  likely  Hare  associ¬ 
ations  and  39  out  of  50  cases  for  all  proton  events  in  thc  Kahler 
el  al.  (1984)  study. 

We  also  examined  thc  occurrence  rate  of  all  west  limb 
CMEs,  regardless  of  speed,  during  (he  10  hr  periods  preceding 
thc  45  3Hc-rich  events.  CMEs  were  found  for  three  of  thc  nine 
proton  events  (with  an  average  data  coverage  of  6.1  hr  per 
event)  and  nine  of  thc  36  nonproton  events  (with  an  average 
coverage  of  7.5  hr  per  event).  A  total  of  14  CM  Es  was  observed 
in  324.2  hr,  resulting  in  a  rale  of  1.04  +  0.28  per  day,  closely 
matching  thc  rate  of  1.1  per  day  calculated  for  thc  1979-1982 
period,  assuming,  as  we  have,  a  3  hr  time  coverage  for  each 
Solwind  image  (Howard  et  al.  1984).  There  is  therefore  no 
evidence  of  any  enhanced  rate  of  CME  occurrence  during  thc 
10  hr  periods  preceding  thc  3Hc-rich  event  onsets. 

III.  DISCUSSION 

If  3He  particles  were  accelerated  in  the  same  kinds  of  events 
that  produce  normal-abundance  energetic  particle  events,  we 
should  expect  to  sec  good  correlations  between  thc  'He  events 
and  metric  type  II  bursts  and  CMEs.  Thc  correlation  of  type  II 
bursts  and  CMEs  with  energetic  proton  events  is  —  75%  and 
;>90%,  respectively.  However,  thc  correlation  we  find  for  the 
3Hc  event  onsets  yields  only  24%  and  4%-I3%  for  the  type  II 
bursts  and  CM  Es  respectively,  despite  our  use  of  very  broad  10 
hr  time  windows. 

One  might  suppose  that,  because  thc  particle  fluxes  of  3Hc- 
rich  events  arc  generally  smaller  than  those  of  normal  abun¬ 
dance  events,  any  associated  type  II  bursts  and  CMEs  may 
also  be  fainter  and  hence  less  likely  to  be  observed.  Several 
observational  results  argue  against  this  interpretation.  First, 
about  40%  of  all  flares  associated  with  type  II  bursts  arc  sub- 
flares,  and  another  40%  are  class  I  events  (Wright  1980).  This 
suggests  that  even  the  very  small  (lares  producing  3He  events 
should  be  capable  of  generating  observable  type  1 1  bursts  if  the 
primary  acceleration  mechanism  involves  coronal  shocks. 
Second,  although  CMEs  loo  faint  or  small  to  be  detected  may 
in  principle  exist,  those  associated  with  proton  events  are 
nearly  always  thc  larger  halo,  loop,  fan,  or  quadrant  filler  struc¬ 
tures.  Only  one  of  thc  25  CMEs  associated  with  the  likely 
proton  flares  of  Kahler  el  al.' s  (1984)  study  was  a  “spike" 
event,  although  the  various  kinds  of  spike  structures  consti¬ 
tuted  over  50%  of  thc  observable  Solwind  CMEs  (Howard  et 
al.  1984).  Third,  we  found  in  Figure  1  that  thc  proton  events 
were  statistically  associated  with  smaller,  not  larger,  3He  flu- 
ences.  This  is  not  what  we  would  expect  if  3He  production 
lakes  place  in  association  with  normal  proton  flares  of  rela¬ 
tively  small  size.  Finally,  we  might  expect  that  a  reasonable 
brightness  range  for  the  fainter  type  II  bursts  and  CMEs 
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should  still  yield  a  significant  enhancement  above  background 
for  the  type  II  burst  and  CME  associations.  This  possibility  is 
precluded  by  the  fact  that  these  associations  arc  consistent  with 
random-chance  occurrences.  The  3He  events,  therefore,  appear 
not  to  be  produced  in  the  same  way  as  events  of  normal  abun¬ 
dances. 

Another  definitive  result  concerning  the  injection  of  3Hc 
particles  has  been  presented  by  Reamcs,  von  Rosenvinge,  and 
Lin  (1984).  For  1 1  event  onsets  they  find  interplanetary  injec¬ 
tion  times  for  the  3He  particles  and  2-100  kcV  electrons 
detected  at  I  SEE  3  to  be  simultaneous  to  within  ~20  minutes. 
This  suggests  that  3He  particles  could  be  accelerated  along 
with  electrons  in  short  bursts  characterized  by  metric  or  deka- 
mctric  type  III  solar  radio  bursts  (Lin  1974).  Type  III  bursts  arc 
sometimes  closely  temporally  associated  with  impulsive 
(t  a;  10-100  s)  hard  X-ray  bursts  due  to  10-100  kcV  electrons 
(Kane  1981).  It  is  now  clear  from  y-ray  observations  that  both 
ions  and  electrons  are  produced  in  these  phases  (Forrest  and 
Chupp  1983).  Only  a  small  fraction  of  the  impulsive  phase  ions 
inferred  from  the  y-ray  measurements  arc  thought  to  escape  to 
the  interplanetary  medium  (von  Rosenvinge,  Ramaty,  and 
Reamcs  1981),  and  acceleration  in  coronal  shocks  which  follow 
the  impulsive  phase  appears  more  likely  for  nearly  all  £  s:  10 
MeV  interplanetary  particle  events  (Kahler  cl  at.  1984).  Accel¬ 
eration  of  3He  particles  takes  place  in  solar  events  far  less 
energetic  than  those  characterized  by  y-rays  or  coronal  shocks, 
but  it  seems  reasonable  that  ions  impulsively  accelerated  along 
with  the  2-100  kcV  electrons  escaping  the  corona  along  mag¬ 
netically  open  field  lines  would  also  be  expected  to  escape  the 
corona.  This  appears  a  likely  explanation  for  the  results  of 
Reamcs,  von  Rosenvinge,  and  Lin  (1984). 

Klcckcr  et  at.  (1984)  have  recently  studied  the  ionic  charge 
composition  of  3Hc,  4He,  and  Fe  in  five  3He-  and  Fc-rich 
events.  They  found  that  essentially  all  the  helium  was  doubly 
ionized,  but  the  mean  charge  state  of  Fc  was  19  +  2,  a  value 
significantly  higher  than  that  in  events  of  normal  abundances. 
Their  result  and  the  apparent  close  association  of  3Hc-rich 
events  with  the  2-100  kcV  e'cctrons  found  by  Reamcs,  von 
Rosenvinge,  and  Lin  (1984)  suggest  an  origin  for  the  3Hc-  and 
Fc-rich  events  dilfcrcnt  from  that  of  normal  abundance  events. 

The  results  we  have  obtained  provide  further  evidence  for 
this  view.  Our  result  yields  no  insight  into  the  detailed  acceler¬ 
ation  mechanisms  for  enhanced  or  normal  abundance  events, 
but  it  indicates  that  cnhanced-event  particles  arc  not  acceler¬ 
ated  along  with  normal  abundance  particles.  Our  data  further 
suggest  the  possibility  that  a  large  flare  may  give  rise  to  both 
kinds  of  abundances,  with  the  enhanced  abundances  produced 
in  the  early  impulsive  phase  and  the  normal  abundances  in  a 
subsequent  coronal  shock  wave.  We  found  that  the  3He-rich 
events  with  observable  proton  events  were  well  associated  with 
type  II  bursts,  as  were  proton  events  of  normal  abundances. 
On  the  other  hand,  when  no  proton  event  was  observed,  the 
type  II  association  was  due  only  to  random  chance.  If  wc  have 
both  "pure"  and  “mixed"  3He-rich  events,  we  should  expect 
that  the  occurrence  of  an  observable  proton  event  is  not  depen¬ 
dent  on  the  3He  flucnce  since  the  two  are  produced  in  separate 
processes.  We  should  also  expect  that  when  a  proton  event 
occurs,  the  3He/4He  ratio  should  tend  to  be  smaller  due  to  the 
mixing  of  particles  of  enhanced  and  normal  abundances.  As  we 
saw  in  Figure  I  and  reported  in  §  II,  both  these  expected  results 
were  found. 


As  a  possible  example  of  a  mixed  event,  the  temporal  behav¬ 
ior  of  the  large  3Hc-rich  event  on  1974  May  9  was  treated  by 
Mobius  el  at.  (1980)  as  due  to  a  short  time  injection  (r  $  IS 
minutes)  for  the  Z-rich  population  and  a  longer  time  injection 
(t  =s  6  hr)  for  the  population  of  normal  abundance.  These  dif¬ 
ferent  injection  time  scales  do  not  preclude  the  possibility  that 
both  populations  of  particles  were  accelerated  by  the  same 
basic  process,  but  it  would  seem  unlikely  that  they  were  accel¬ 
erated  together  in  a  common  event.  If  low  intensities  of 
enhanced  abundances  are  produced  along  with  intensities  of 
normal  abundances  varying  widely  from  event  to  event,  we 
would  expect  to  see  the  smooth  increase  in  the  variation  of 
abundance  ratios  with  decreasing  event  sizes  as  Mason  ei  at. 
(1980)  found. 

Let  us  now  consider  the  relevance  of  these  results  for  Z-rich 
events.  The  relationship  between  3Hc-rich  and  Z-rich  (usually 
meaning  Fc-rich)  events  has  generally  been  treated  cautiously 
in  the  literature.  Anglin,  Dietrich,  and  Simpson  (1977)  plotted 
Fc/4Hc  ratios  against  3He/4He  ratios  for  a  large  number  of 
events  and  concluded  that  while  3Hc-rich  events  arc  always 
Fc-rich.  some  Fe-rich  events  are  not  3Hc-rich.  This  conclusion 
has  been  widely  accepted  (Zwickl  et  at.  1978;  Ramaty  el  ul. 
1980;  McGuire  1983).  Zwickl  el  at  (1978)  also  claimed  lo 
confirm  that  all  identified  3He-rich  events  arc  rich  in  Z  >  20 
nuclei.  Based  on  this  apparent  asymmetry  in  the  relationship  of 
3Hc-rich  and  Fc-rich  events,  they  proposed  a  subclass  of 
Fe-rich  events  in  addition  to  a  subclass  of  3He-rich  events 

A  reexamination  of  the  plot  in  Figure  S  of  Anglin,  Dietrich, 
and  Simpson  (1977)  suggests  that  their  conclusion  that  all  3 Hc- 
rich  events  are  also  Fe-rich  is  unjustified.  Six  of  their  F'c/^Hc 
ratios  were  only  upper  limits,  and  they  did  not  define  a  numeri¬ 
cal  threshold  for  Fe-richness.  In  addition,  the  confirmation 
claimed  by  Zwickl  cl  at.  (1978)  was  based  on  only  five  events 
Finally,  Mason  ct  at.  (1980)  have  pointed  out  that  the  3Hc-rich 
event  of  1974  October  5  appears  without  any  measurable 
increase  in  heavy-nucleus  fluxes.  Contrary  to  the  general  con¬ 
sensus,  wc  conclude  that  there  arc  3Hc-rich  events  winch  arc 
not  Fc-rich  and  vice  versa.  A  more  appropriate  description  of 
the  situation  is  that  there  is  a  correlation  between  3Hc-richncss 
and  Fc-richncss,  but  it  is  not  very  strong,  as  Anglin,  Dietrich, 
and  Simpson  (1977)  and  Reamcs  and  von  Rosenvinge  (l'>SI) 
found.  The  symmetry  of  the  correlation  suggests,  however,  that 
3Hc-rich  and  Fc-rich  events  can  be  treated  as  a  single  class  of 
events  rather  than  as  separate  classes  as  Zwickl  ei  at.  (1978) 
suggested.  This  implies  that  the  results  wc  have  discussed 
above  for  the  3Hc-rich  events  can  also  be  applied  to  the  Fc-rich 
events  as  well. 
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We  compare  fast  (o  2  500  km  s'  ‘)  coronal  mass  ejections  (CME's)  with  reported  metric  type  II  bursts 
to  study  the  properties  of  CME's  associated  with  coronal  shocks.  We  confirm  an  earlier  report  of  fast 
frontside  CME's  with  no  associated  metric  type  II  bursts  and  calculate  that  33  ±  15%  of  all  fast  frontside 
CME's  are  not  associated  with  such  bursts.  Faster  CME’s  are  more  likely  to  be  associated  with  type  II 
bursts,  as  expected  from  the  hypothesis  of  piston-driven  shocks  However,  CME  brightness  and  associ¬ 
ated  peak  3-cm  burst  intensity  are  also  important  factors  as  might  be  inferred  from  the  Wagner  and 
MacQueen  (1983)  view  of  type  II  shocks  decoupled  from  associated  CME's.  We  use  the  equal  visibility  of 
solar  frontside  and  backside  CME's  to  deduoe  the  observability  of  backside  type  II  bursts  We  calculate 
that  23  ±  7%  of  all  backside  type  II  bursts  associated  with  fast  CME's  can  be  observed  at  the  earth  and 
that  13  +  4%  of  all  type  II  bursts  originate  in  backside  Hares.  CME  speed  agarn  is  the  most  important 
factor  in  the  observability  of  backside  type  II  bursts 


I.  Introduction 

Prior  to  the  launch  of  the  Solar  Maximum  Mission  (SMM) 
spacecraft  in  1980  it  was  generally  assumed  that  metric  type  II 
bursts  occurred  at  or  ahead  of  the  fronts  of  coronal  mass 
ejections  (CME’s)  viewed  by  orbiting  coronagraphs  (see  Mac- 
Queen  [1980]  for  a  review).  The  few  observations  relating  the 
type  II  burst  source  to  the  CME  front  were  consistent  with 
this  point  of  view,  but  the  strongest  evidence  came  from  the 
statistical  studies  using  Skylab  data.  Gosling  el  al.  [1976] 
found  that  only  two  of  13  CME's  with  speeds  exceeding  500 
km  s'1  were  not  associated  with  type  II  or  IV  radio  bursts 
and  that  such  bursts  were  associated  only  with  CME's  moving 
Taster  than  400  km  s'*.  Furthermore.  Munro  el  at.  [1979] 
reported  that  21  of  23  type  II  or  IV  bursts  occurring  within 
45°  of  a  limb  during  the  Skylab  period  were  associated  with 
CME's.  These  results  were  consistent  with  models  of  piston- 
driven  coronal  MHD  shocks  (reviewed  by  Maxwell  and  Dryer 
[1982]). 

More  recent  results  from  the  SMM  and  Solwind  corona- 
graphs  have  presented  serious  difficulties  for  this  simple 
model.  First,  some  associated  CME/type  II  source  timings  and 
positions  are  inconsistent  with  the  model  [ Wagner  and  Mac- 
Queen,  1983].  Second,  the  close  statistical  association  between 
CME's  and  type  II  bursts  found  in  the  Skylab  results  has  not 
been  confirmed  by  the  Solwind  results.  Sheeley  el  al.  [1984] 
and  Kahler  et  al.  [1984]  found  that  about  a  third  of  all  metric 
type  II  bursts  are  not  associated  with  CME's.  In  addition. 
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Sliecley  ct  al.  [1984]  found  17  fast  (u  2  450  km  s'1)  CME's 
with  no  obvious  metric  type  II  bursts.  In  five  cases  these 
CME's  were  associated  with  Ha  and  I-  to  8-A  X  ray  flares  and 
hence  were  clearly  frontside  solar  events  from  which  type  II 
emission,  if  present,  should  have  been  readily  observed. 

In  this  paper,  in  an  effort  to  further  our  understanding  of 
the  relationship  between  CME's  and  coronal  shock  waves,  we 
examine  data  from  the  Solwind  coronagraph  [Sheeley  et  al.. 
1980]  to  look  for  additional  examples  of  fast  (t>  2:  500  km  s'  ‘) 
frontside  CME’s  that  lacked  metric  type  II  emission.  We  want 
to  determine  what  fraction  of  all  fast  CME's  do  not  have  type 
II  association  and  to  sec  what  CME  properties  (speed,  angular 
extent,  brightness)  are  significant  for  the  formation  of  coronal 
shocks.  While  Sheeley  ct  al.  [1984]  considered  only  those 
CME’s  occurring  during  Culgoora  observing  hours  to  es¬ 
tablish  the  existence  of  a  class  of  fast  CME’s  without  obvious 
type  II  association,  we  are  interested  in  determining  the  statis¬ 
tical  properties  of  such  events  Thus,  to  obtain  sufficient 
events,  we  considered  all  fast  CME's  for  which  either  the  Cul¬ 
goora,  Weissenau,  or  Harvard  observations  reported  in  Solar- 
Geophysical  Data  (SGD)  were  available. 

As  an  additional  point  for  study,  we  note  that  fast  CME's 
without  type  II  bursts  might  well  be  expected  in  the  view  of 
Wagner  and  MacQueen  [1983]  (see  also  Cane  [1984]),  who 
suggest  that  the  CME  and  type  II  shock  are  separate,  decou¬ 
pled  entities  in  which  the  shock  is  initiated  in  the  flare  impul¬ 
sive  phase  and  (hen  catches  up  with  and  moves  through  the 
preceding  CME  Their  view  might  also  imply  that  the  strength 
of  the  flare  impulsive  phase  is  a  more  important  factor  in  the 
generation  of  the  type  II  shock  than  is  any  characteristic  of 
(he  CME  with  which  the  shock  is  associated.  We  thus  attempt 
to  assess  the  significance  of  the  flare  impulsive  phase  energy 
release  relative  to  the  importance  (speed,  angular  extenL 
brightness)  of  the  CME  in  determining  whether  a  type  II  burst 
occurs  with  a  fast  CME. 
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Finally,  once  we  have  determined  the  statistical  association 
between  fast  CME’s  and  type  II  bursts  for  events  on  the  vis¬ 
ible  disk,  we  can  use  this  knowledge  to  infer  the  observability 
of  backside  type  II  bursts.  Many  individual  cases  of  type  II 
bursts  observed  from  flares  tens  of  degrees  beyond  the  limb 
have  been  reported  (i.e.,  March  30.  1969  [Smcrd,  1970);  Sep¬ 
tember  I,  1971  [ Geryely  and  Kundu,  1976];  July  22,  1972 
[Hudson  el  al ,  1982];  and  March  20,  1976  [Nelson  and 
Mcl-ean,  1977]),  but  the  frequency  of  such  events  is  unknown. 
Studies  of  associations  between  Ha  flares  and  type  II  bursts 
have  not  dealt  directly  with  this  problem.  In  the  two  most 
comprehensive  studies  to  date.  Dodge  [I97S]  unambiguously 
associated  459  of  580  reported  type  II  bursts  with  confirmed 
flares,  and  Wright  [1980]  416  of  the  673  type  II  bursts  of  his 
study.  These  studies  suggest  that  backside  type  II  bursts  may 
constitute  up  to  20-40%  of  all  observed  type  II  bursts,  but 
gaps  in  flare  patrols  and  the  diminishing  observability  near 
the  limb  of  the  subflares  that  constitute  ~40%  of  the  type  II 
burst  parent  flares  [Wrighl,  1980]  can  also  play  important 
roles  in  (he  statistics.  As  an  alternative  to  using  Ha  observa¬ 
tions.  we  infer  the  observability  of  backside  type  II  bursts  by 
using  CME's,  which  are  assumed  to  be  equally  observable 
from  the  solar  frontside  and  backside. 

Studies  of  (he  solar  associations  of  CME's  by  Munro  el  al. 
[1979]  showed  that  more  than  70%  of  all  CME's  are  associ¬ 
ated  with  eruptive  prominences  or  filament  disappearances, 
but  only  about  40%  with  Ha  flares.  There  arc.  however,  sev¬ 
eral  difficulties  in  determining  these  solar  associations.  About 
half  the  associated  Ha  flares  should  occur  beyond  the  limb 
and  not  be  observed.  The  flares  associated  with  CME's  also 
usually  show  some  kind  of  Ha  mass  ejection  [ Gosling  el  al.. 
1976].  In  addition,  some  CME's  considered  eruptive- 
associated  are  also  associated  with  flares  (eg,  the  event  of 
August  29,  1981.  in  the  work  by  MacQucen  and  Fisher 
[1983]).  Despite  these  problems,  we  note  that  Gosling  el  al. 
[1976]  found  an  average  speed  of  775  km  s'1  for  flare- 
associated  CME's  and  a  much  lower  average  speed  of  330  km 
s" 1  for  eruptive-associated  events.  More  recent  results  by  Mac- 
Queen  and  Fisher  [1983]  show  that  in  the  inner  corona  (1.2- 
2.4  Rj),  flare-associated  CME  speeds  arc  fairly  constant  and 
exceed  those  of  eruptive-associated  CME's.  In  our  study,  we 
initially  assume  that  a  fast  CME  observed  at  2.5-10  Rs  will 
nearly  always  be  associated  with  an  Ha  flare  brightening  even 
though  the  flare  itself  may  not  be  energetically  important  for 
the  CME.  We  examine  the  consequences  of  this  assumption  in 
section  2,  where  we  describe  our  analysis.  The  results  of  the 
study  are  discussed  in  section  3 

2.  Data  Analysis 

We  began  with  a  listing  of  all  Solwind  CME's  for  which  the 
measured  speeds  of  the  fastest  moving  regions  were  at  least 
500  kms"1.  The  data  period  covered  extended  from  launch  in 
March  1979  to  December  1982.  In  each  case  the  inferred  speed 
and  times  of  observations  were  used  to  derive  the  time  of 
injection  of  the  CME  at  I  Rs.  In  the  majority  of  cases,  several 
points  on  a  height-time  diagram  were  used  to  deduce  the  ve¬ 
locity.  In  these  cases  the  resulting  injection  times  are  estimated 
to  have  an  uncertainty  of  ±  15  min.  In  other  cases  where  only 
one  subtracted  image  of  a  transient  can  be  compared  to  a 
preevent  image,  the  injection  times  are  uncertain  by  at  least 
±30  min.  Each  event  was  further  described  by  its  angular 
width  projected  in  the  plane  of  the  sky,  angular  position  on 
the  solar  limb,  and  morphology.  Surface  brightness  had  been 


subjectively  estimated  as  faint,  average,  or  bright  for  most 
events  at  the  time  of  the  analysis. 

We  sought  an  associated  metric  type  II  burst  and  Ha  flare 
(Solar-Geophysical  Data,  1979-1983)  consistent  with  both  the 
timing  and  the  limb  position  of  each  CME.  The  comprehen¬ 
sive  Ha  flare  listings  from  the  SGD  books  were  used  through 
June  1981  and  a  National  Oceanic  and  Atmospheric  Adminis¬ 
tration  (NOAA)  prepublication  listing  for  the  subsequent 
months  (J.  McKinnon,  personal  communication,  1983).  Events 
for  which  there  were  no  Ha  flare  patrol  or  metric  observations 
by  the  Harvard,  Culgoora,  or  Weissenau  observatories  during 
the  CME  injection  times  were  eliminated  from  the  study.  If 
CME  accelerations  were  present  [MacQueen  and  Fisher, 
1983],  the  limb  times,  extrapolated  from  the  Solwind  data  as¬ 
suming  constant  velocity,  would  be  systematically  delayed. 
Nevertheless,  we  found  most  flare  onsets  to  be  within  the  15- 
to  30-min  uncertainties  of  the  extrapolated  limb  times.  We 
also  compared  the  CME  list  to  the  interplanetary  type  II 
shock  event  list  of  Cane  [this  issue].  We  found  one  event  on 
December  5.  1981,  for  which  the  inferred  solar  origin  was 
—  I0°-30I>W  but  no  Ha  flare  was  reported.  This  CME  con¬ 
tained  Ha  ejecta  and  was  considered  to  be  a  frontside  event. 

As  discussed  in  section  I,  we  assume  in  this  study  that  al! 
fast  CME's  are  associated  with  Ha  flares,  some  of  which  will 
be  on  the  solar  backside  and  hence  unobservable.  If  no  associ¬ 
ated  Ha  flare  was  reported,  the  CME  was  presumed  to  orig¬ 
inate  on  the  solar  backside.  This  assumption  is  not  always 
correct,  as  we  found  for  the  CME  of  December  5,  1981.  In 
general,  however,  this  assumption  appears  to  be  justified  by 
the  resulting  statistics  showing  a  rather  even  split  between 
events  with  and  without  flares:  CME's  with  Ha  flares  (81 
events)  and  CME’s  with  no  Ha  flare  (87  events).  We  con¬ 
sidered  an  additional  28  events  to  be  possibly  associated  with 
Ha  flares 

2.1.  CME's  With  Possible  Flare  Associations 

In  some  cases  an  Ha  flare  association  with  a  CME  was 
considered  possible  but  unlikely.  In  general,  these  were  short¬ 
lived  subflarcs  that  occurred  during  the  appropriate  time  win¬ 
dows  and  on  the  appropriate  hemisphere  to  qualify  for  a 
CME  association,  but  because  they  were  unimpressive  in  size 
and  duration  in  the  Ha  and  1-  to  8-A  wavebands,  the  associ¬ 
ation  was  considered  questionable.  Several  cases  of  sizable  Ha 
and  I-  to  8-A  events  in  the  appropriate  hemisphere,  but  just 
outside  the  appropriate  time  window,  were  also  included  in 
this  category  of  28  events. 

Only  one  of  these  events  was  associated  with  a  type  11  burst. 
This  is  due,  at  least  partially,  to  a  selection  effect  in  the  flare 
associations,  since  the  onset  lime  of  a  type  II  burst  associated 
with  a  given  CME  provides  additional  confidence  in  making 
the  association  of  a  candidate  small  flare  with  that  CME. 

2.2.  CME's  With  Associated  Ha  Flares 

Fifty-four  of  the  81  events  in  this  category  were  associated 
with  metric  type  II  or  “possible”  type  II  bursts  reported  by  the 
Harvard,  Culgoora,  or  Weissenau  observatories:  For  the  27 
events  with  no  reported  type  II  bursts,  we  examined  the  metric 
reports  further  for  any  kind  of  emission  which  might  be  in¬ 
dicative  of  a  type  II  burst.  This  included  the  terms  “con¬ 
tinuum,"  “IV,"  and  “unclassified."  We  found  nine  such  events 
and  considered  them  questionable  examples  of  CME’s  with  no 
type  II  bursts.  Three  additional  events  were  also  considered 
doubtful  because  of  small  data  gaps  in  the  coverage  by  the 
three  observatories  near  but  not  at  the  times  of  the  CME 
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TABLE  I.  CME's  Associated  With  Ha  Flares  but  Without  Associated  Metric  Type  II  Bursts 


CME 

Ha/X  ray 

Dale 

Limb  Time, 
UT 

Speed,* 
kra  s" 1 

Location 

(Size) 

Ha  Onset, 
UT 

Location 

Size 

1-8 

A 

June  6,  1979 

2049 

725  P 

S20°E(40°) 

2105 

17*N,  7I°E 

IB 

M3 

Dec.  3.  1979 

1425 

600  P 

S50*E(90°) 

<1514 

24*S,  S4'E 

2B 

MI 

April  1 1,  1980 

0734 

700  F 

N20°W(80°) 

0642 

I5*N,  22°W 

SN 

C6 

Aug.  15,  1980 

0727 

535  F 

S8O*E(20*) 

0730 

24*S,  20*E 

IF 

C2 

Dec  9,  1980 

0622 

575  P 

S15°E(20°) 

0621 

ITS.  51°E 

SN 

C4 

Dec  9.  1980 

0712 

870  F 

S30°W(I60°) 

0658 

I9°S,  40“  W 

2N 

C8 

Feb.  25.  1981 

0159 

715  G 

N30°E(20°) 

0205 

1 6°S,  76°E 

IN 

C7 

March  15,  1981 

0505 

700  E 

W(4 0°) 

0520 

12*S,  90* W 

IN 

Ml 

April  18,  1981 

0113 

950  F 

S40°E(360°) 

0118 

I0*N,  35°W 

IB 

M5 

June  22.  1981 

1448 

750  P 

N50°E(30°) 

1441 

!S°N,  4I*E 

SB 

Ml 

Oct.  8,  1981 

0807 

600  F 

S2T°W(60°) 

0820 

16*S,  6i°W 

IN 

C8 

Oct.  16,  1981 

2222 

812  F 

S17°E<10*) 

2212 

09“S,  52°E 

IB 

Ml 

Oct.  31.  1981 

0529 

730  F 

N25°E(130') 

0439(7) 

I5°N,  34°E 

IN 

C6 

Dec  5,  1981 

1328 

890 

N50*W(160*) 

10°-30*Wt 

C3 

Nov.  21.  1982 

0600 

735  P 

SI7*W(70°) 

0605 

1I°S,  79° W 

SN 

Ml 

*E  is  estimated;  G  is  good;  F  is  fair;  P  is  poor. 

tNo  Ha  flare  report;  position  estimated  from  associated  kilomclric  type  II  burst  [Cane,  this  issue,  also 
personal  communication,  1984], 


ejections.  The  remaining  15  good  examples  of  fast  CME's  with 
Htx  flares  but  without  metric  type  II  bursts  are  listed  in  Table 
1.  The  list  includes  the  event  of  December  5,  1981,  for  which, 
as  discussed  above,  no  Ha  flare  is  reported.  Radio  activity 
reported  during  these  events  consisted  only  of  type  III/V 
bursts  or  type  I  noise  storms  (possibly  with  underlying  con¬ 
tinuum),  neither  of  which  should  be  confused  with  the  slow- 
drift  type  II  bursts. 

The  speed  distributions  of  the  CME's  with  and  without  type 
II  bursts  are  compared  in  Figure  I.  The  events  of  Table  1  are 
shown  by  the  shading,  and  it  is  obvious  that  there  are  several 
events  with  high  (£800  km  s_l)  speeds  which  failed  to  pro¬ 
duce  reported  possible  type  II  bursts. 

Projected  angular  size  docs  not  appear  to  be  a  factor  in  the 
association  of  these  events  with  type  II  bursts.  For  events  in 
the  speed  range  500  to  799  km  s_l  the  60°  median  size  of 
CME's  with  type  II  bursts  exceeds  the  45°  median  of  those 
without.  However,  for  fast  events  with  speeds  of  at  least  800 
km  s'1  the  median  angular  size  of  90°  for  the  events  without 
type  II  bursts  exceeds  that  of  70°  for  those  with  type  II  bursts. 
These  differences  appear  insignificant  in  view  of  the  large 
range  of  angular  sizes  (10°-360°)  for  both  groups. 

The  available  surface  brightnesses  for  the  CME’s  with  Ha 
flares  are  given  in  Table  2.  We  see  that  most  average  and 


CMC  SPEEOtlm  •") 

Fig.  I.  Speed  distribution  of  flare-associated  fast  CMFi  with  ind 
without  metric  type  II  bursts.  Events  shown  in  shading  are  the  15  best 
examples  of  the  26  events  with  no  reported  type  II  bursts  and  are 
listed  in  Table  I. 


bright  CME’s  are  associated  with  type  II  bursts,  but  only 
about  half  the  faint  CME’s  are  similarly  associated.  Since  the 
two  groups  of  CME's  with  and  without  type  II  bursts  have 
very  similar  Ha  flare  longitude  distributions  and  relatively 
small  differences  in  angular  sizes,  this  implies  that  more  mas¬ 
sive  CME's  are  more  likely  to  be  associated  with  type  II 
bursts. 

To  test  the  importance  of  the  flare  impulsive  phase  in  the 
generation  of  the  type  II  burst  shock,  we  obtained  the  peak 
3-cm  impulsive  phase  flux  density  for  each  CME  flare  (Solar- 
Geophysical  Data,  1979-1983).  The  importance  of  the  peak 
3-cm  flux  densities  versus  that  of  the  CME  speeds  for  the 
generation  of  type  II  burst  shocks  is  shown  in  Table  3.  Both 
the  3-cm  flux  densities  and  the  speeds  are  divided  into  three 
bins.  The  type  II  burst  associations  increase  substantially  from 
the  lowest  to  the  highest  CME  speed  bin.  The  same  is  true, 
however,  with  very  similar  numbers,  for  the  peak  3-cm  burst 
distribution.  Thus  we  cannot  distinguish  between  CME  speed 
and  impulsive  phase  burst  intensity  as  the  more  important 
factor  in  the  generation  of  the  type  II  shock. 

We  can  estimate  the  fraction  of  fast  frontside  CME’s  with 
no  type  II  bursts  by  considering  the  CME’s  with  Ha  flares 
shown  in  Figure  I.  As  noted  above,  27  of  81,  or  33%,  of  all 
flare-associated  fast  CME’s  lacked  associated  type  II  bursts. 
However,  we  must  also  consider  the  role  of  the  28  possible 
flare-associated  events,  27  of  which  were  not  associated  with 
type  II  bursts.  Because  backside  CME’s  should  be  as  easily 
observed  as  frontside  CME’s,  we  expect  the  number  of  CME's 
without  flares  to  match  the  number  of  those  with  flares.  As¬ 
suming  that  17  of  the  28  possible  flare-associated  events  are 
frontside  events  would  result  in  matching  totals  of  98  frontside 
events  and  98  backside  events.  Then,  if  16  of  those  17  events 
have  no  type  II  bursts,  43  of  the  total  98  (44%)  frontside 
CME’s  would  be  associated  with  no  type  II  burst,  a  figure  we 
take  as  an  upper  limit. 

For  a  lower  limit  we  take  only  the  15  confirmed  cases  of 
Table  1  and  assume  the  CME’s  with  possible  flare  associations 
are  all  backside  events.  The  result  is  (hat  at  least  15  of  81 
(19%)  fast  CME’s  failed  to  be  associated  with  type  II  bursts.  A 
reasonable  estimate  for  the  percentage  of  fast,  frontside  CME's 
associated  with  no  type  II  burst  appears  to  be  ~33  ±  15%. 
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TABLE  2.  CM E  Surface  Brightnesses 


Brightness 

With  Ha 

Flare 

No  Ha  Rare 

Possible 
Ha  Flare 
A'<  Events 

With  Type  II 

No  Type  II 

With  Type  11 

No  Type  II 

Faint 

8 

9 

3 

18 

7 

Average 

23 

8 

1 

25 

12 

Bright 

19 

9 

5 

27 

3 

2.3.  CME's  With  No  Associated  Ha  Flares 

Only  10  of  the  87  CME's  with  no  associated  Ha  (lares, 
presumed  (o  be  backside  CME's.  were  associated  with  metric 
type  II  bursts  reported  by  one  of  the  three  radio  observatories. 
These  events  arc  listed  in  Table  4.  where  we  show  for  eight  of 
the  10  events  a  likely  source  region  behind  the  solar  limb  The 
regions  were  selected  on  the  basis  of  information  given  in  the 
NOAA  preliminary  reports  on  solar-geophysical  activity.  In 
four  cases  the  region  lay  at  least  30"  over  the  limb. 

As  shown  in  Figure  2,  these  10  events  are  characterized  by 
speeds  substantially  higher  than  these  characterizing  the  bulk 
of  the  events  with  no  type  II  bursts.  The  only  event  with  a 
type  II  burst  in  the  500-650  km  s’*  bin  is  that  of  June  29, 
1980,  which  was  associated  with  an  M3  I-  to  8-A  X  ray  burst 
and  is  attributed  to  an  active  region  at  90°W.  In  addition,  the 
event  of  November  19.  1981,  which  had  a  speed  of  800  km 
s'1,  involved  a  C8  X  ray  burst  and  is  attributed  to  a  region 
only  about  5"  over  the  west  limb.  Since  the  purpose  of  treating 
CME's  with  no  associated  Ha  flares  is  to  isolate  those  events 
originating  on  the  backside  of  the  sun.  wc  sec  that  these  events 
only  marginally  qualify  for  this  category.  The  other  eight 
events  with  reported  type  II  bursts  have  speeds  of  at  least  870 
km  s'’,  which  is  their  most  striking  characteristic.  Angular 
size  seems  unimportant  as  a  factor  for  backside  CME’s  with 
type  It  bursts,  since  the  median  angular  size  for  CME’s  with 
no  type  II  bursts  and  speeds  of  at  least  800  km  s'1  is  70° 
while  that  of  those  with  type  II  bursts  is  65°.  slightly  smaller. 
The  brightness  distributions  of  CME's  with  no  associated  Ha 
(lares  are  shown  in  Table  2.  No  significant  difference  between 
the  events  with  type  II  bursts  and  those  without  type  II  bursts 
is  obvious,  although  the  statistics  of  the  former  are  too  small 
for  a  meaningful  comparison. 

To  estimate  the  observability  of  backside  type  II  bursts,  we 
first  start  wtih  the  association  of  type  II  bursts  and  frontside 
fast  CME's  discussed  in  the  previous  section.  There  we  saw 
that  67  +  15%  of  all  fast  frontside  CME's  were  associated 
with  metric  type  II  bursts.  However,  only  10  of  87  fast  CME’s 
with  no  associated  Ha  flares  were  associated  with  type  II 
bursts.  Assuming  that  67%  of  these  CME's  were  associated 
with  type  II  bursts  suggests  that  only  17  ±  5%  (10/(0.67  x  87)) 
of  the  backside  type  II  bursts  associated  with  CME’s  were 
observable. 


TABLE  3.  Comparison  of  Speeds  »nd  Associated  Peak  3-cm  Bursts 
for  CME’s  With  Ha  Flares 


Speed,  km  s'* 

3-cm  Flux  Density,  si. u. 

500-749  750-999  £  1000 

<50 

50-500  >500 

With  type  II 

16  18  20 

14 

12  28 

No  type  11 

15  7  5 

17 

6  4 

Here  s.f  u.  is  solar  flu*  units. 


A  difficulty  with  this  comparison  is  that  the  speed  distri¬ 
butions  for  the  frontside  and  assumed  backside  events  are 
dissimilar,  as  a  comparison  of  Figures  1  and  2  shows.  Only  35 
of  the  81  CME  (43%)  speeds  of  the  frontside  events  are  under 
800  km  s'1.  but  57  of  87  CME  speeds  (66%)  of  the  backside 
events  are  under  that  speed.  We  consider  two  plausible  expla¬ 
nations  for  this  disparity.  First,  many  of  the  slower  CME's 
with  flares  may  have  been  categorized  as  possible  flare  associ¬ 
ations,  leaving  a  low  speed  deficit  in  Figure  1.  The  speed 
distribution  of  the  possible  association  group  is  peaked  at  the 
lowest  speed  bin,  in  accordance  with  this  explanation.  By 
adding  17  of  the  28  possible  flare  events  to  the  lowest  two 
speed  bins  of  Figure  I,  and  nine  to  the  higher  (u  £  800  km 
s'1)  and  two  to  the  lower  (u  <  800  km  s'1)  speed  bins  of 
Figure  2,  we  can  obtain  rather  similar  frontside  and  backside 
speed  distributions  with  98  events  in  each  group.  This  results 
in  1 1  of  98  backside  events  associated  with  type  II  bursts  as 
compared  with  54  of  98  on  the  frontside,  indicating  a  20% 
(1 1/54)  observability  of  backside  type  11  bursts  associated  with 
fast  CME’s. 

An  alternative  explanation  for  the  dissimilarity  of  the  speed 
distributions  of  Figures  I  and  2  is  (hat  some  of  the  lowcr- 
speed  CME’s  with  no  Ha  flares  of  Figure  2  may  in  fact  be 
frontside  events  but  not  associated  with  Ha  flares,  contrary  to 
our  assumption.  In  this  case,  wc  can  compensate  by  subtract¬ 
ing  enough  events  from  the  first  two  bins  of  Figure  2  so  (hat 
the  ratio  of  low-spccd  (u  <  800  km  s'  ')  to  high-speed  (p  ^  800 
km  s'  ’)  events  matches  that  of  Figure  I.  This  requires  that  we 
subtract  34  events  (and  the  one  type  II  burst)  from  the  first 
two  speed  bins  of  Figure  2,  with  the  result  of  nine  type  II 
bursts  for  53  backside  events.  Again  assuming  that  67%  of  the 
fast  CME’s  are  associated  with  type  II  shocks,  wc  get  a  25% 
(9/(0.67  x  53))  observability  for  backside  type  II  bursts.  We  sec 
that  compensating  separately  for  each  explanation  of  the 
speed  distribution  differences  between  Figures  1  and  2  leads  to 
similar  results,  about  a  23  +  7%  observability  for  backside 
type  II  bursts. 

.  It  should  be  noted  that  wc  have  dealt  only  with  backside 
type  II  bursts  associated  with  CME’s.  Sheeley  ct  at.  [1984] 
and  Kahler  el  al.  [1984]  found  that  30-40%  of  all  type  II 
bursts  are  not  accompanied  by  CME’s.  Sheeley  ct  al.  found 
that  1-  to  8-A  X  ray  events  were  associated  with  at  least  18  of 
their  sample  of  19  type  II  bursts  with  no  CME’s,  suggesting 
that  essentially  none  of  these  events  originated  with  a  backside 
flare.  If  we  take  0.23  as  the  ratio  of  backside  to  frontside 
observable  type  II  bursts  with  CME’s  and  assume  that  one 
third  of  all  frontside  type  II  bursts  are  not  associated  with 
CME’s,  we  conclude  that  ~  13  ±  4%  (0.23/(0.23  +  1.0  +  0.5)) 
of  all  observed  type  II  bursts  originate  in  backside  events. 

This  result  does  not  include  the  effect  of  type  II  bursts  due 
to  slow  (p  <  500  km  s'1)  CME’s.  Sheeley  et  al.  [1984]  found 
only  five  of  their  40  type  II  bursts  with  CME’s  were  due  to 
slow  CME’s,  and  one  of  these  five  appeared  due  to  a  backside 
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TABLE  4.  CME's  Wiihoul  Associated  Ha  Rare*  but  With  Associated  Type  II  Bursts 


Dale 

CME 

Type  I!  Durst 

Source  Region 

Limb 

Time, 

UT 

Speed,* 
km  s*‘ 

Location 

(Size) 

Duration, 

UT 

Intensity  NOAA 

Latitude 

Longitude 

Over 

Limb 

1-8 

A 

May  4,  1979 

0217 

870 

N45*E(  1 1 5*)  0222-0255 

3 

? 

<C1 

Nov.  2,  1979 

2233 

IOOO  E 

NOS'EUOO*)  2258-2306 

1 

2110? 

32*N 

2  30* 

<C! 

Nov.  4.  1979 

0456 

1000  E 

NSO*E(IOO*)  0511-0547 

2 

2110? 

32“N 

215* 

C8 

June  29.  1980 

0224 

560  F 

S17*W(25*) 

0241-0301 

3 

2522 

28*S 

-0* 

M3 

July  30,  1980 

1251 

1000  F 

N30*W(20*) 

1312-1316 

1 

7 

>C2 

Sept.  1,  1980 

0534 

960  E 

N 1 5*W(90*) 

0554-0600 

1 

2629 

I9*N 

2s  55* 

<C1 

Nov.  19,  1981 

0216 

800 

N32*W(65‘) 

0230-0246 

2 

3451 

I8*N 

-5* 

C8 

June  3,  1982 

0244 

1490  F 

N70*W(40*) 

0233-0302 

3 

3739 

I5*N 

;>  60* 

<C1 

July  1,  1982 

1606 

1000  P 

S10*E(40*) 

1606-1625 

3 

3801 

15*S 

2  15* 

<C! 

Dec  7,  1982 

0904 

1600  F 

E(60*) 

0914-0933 

3 

4026 

ITS 

i>35* 

<C! 

*E  is  estimated;  F  is  fair;  P  is  poor. 


event.  Assuming  (hat  all  observed  type  II  bursts  associated 
with  slow  CME’s  are  frontside  events  reduces  (he  calculated 
fraction  of  backside  type  II  bursts  only  slightly,  to  12  ±  4% 
(0.23/(0.23  +  1.14  +  0.57)).  With  an  assumed  20%  backside 
origin  for  slow  CME’s,  the  figure  of  13%  is  unchanged.  Thus 
the  percentage  of  backside  events  derived  above  is  not  signifi¬ 
cantly  changed  by  consideration  of  the  slow  CME’s. 

3.  Discussion 

We  explore  two  basic  questions  in  this  paper.  First,  wc 
discuss  (he  statistics  and  characteristics  of  fast  CME’s  from 
the  visible  disk  which  fail  to  produce  type  II  bursts.  We  then 
consider  the  observability  of  backside  type  II  bursts. 

3.1.  Frontside  CME's  With  No  Associated  Type  II  Bursts 

The  15  events  of  Table  1  confirm  the  conclusion  of  Sheeiey 
et  al.  [1984]  that  a  class  of  fast  frontside  CME's  with  no 
associated  metric  type  II  bursts  exists.  Twelve  of  the  events  of 
(he  table  were  not  used  in  their  study.  The  approach  taken  in 
this  study  has  been  complementary  to  that  of  Shcelcy  et  al. 
They  examined  metric  burst  records  of  Culgoora  in  detail  to 


CMC  speed 


Fig.  2.  Speed  distribution  of  fast  CME's  for  which  no  Ha  flare 
association  could  be  found.  Although  a  lew  exceptions  undoubtedly 
exist,  these  events  are  presumed  to  arise  from  flares  on  the  solar 
backside.  The  10  events  associated  with  reported  type  II  bursts  are 
listed  in  Table  4, 


find  cases  of  fast  CME’s  with  no  type  II  bursts.  We  have  relied 
on  SGD  reports  but  have  used  a  much  larger  data  sample 
taken  from  three  observatories  which  provide  nearly  full-time 
solar  observations.  In  addition  to  confirming  the  Sheeiey  et  al. 
finding  of  fast  CME’s  with  no  type  II  bursts,  we  estimate  the 
percentage  of  fast,  frontside  CME's  associated  with  no  type  II 
burst  to  be  ~33  +  15%. 

What  can  the  statistical  properties  of  fast  CME's  with  and 
without  type  II  bursts  tell  us  about  the  source  of  the  type  II 
shock?  In  section  1  we  discussed  the  competing  concepts  of 
the  piston-driven  shock  and  the  decoupled  shock  originating 
in  the  flare  impulsive  phase.  The  increasing  probability  of  a 
type  II  burst  association  with  increasing  CME  speed,  shown 
in  Figure  I  and  Table  3,  argues  for  the  piston-driven  model  of 
type  II  shocks,  as  docs  the  finding  or  Sheeiey  et  al.  [1984]  that 
type  II  bursts  are  not  associated  with  CME’s  with  speeds  less 
than  400  km  s*1.  Sheeiey  et  al.  suggested  that  variations  in 
the  ambient  Alfven  speed  from  event  to  event  could  explain 
why  even  some  of  the  fastest  CME’s  fail  to  produce  detectable 
shocks  in  the  lower  (R  ~  1.5  Rs)  corona.  Variations  of  a  factor 
of  3  from  the  average  coronal  magnetic  fields  are  inferred  from 
the  various  field  measurement  techniques  reviewed  by  Dulk 
and  McLean  [1978].  Since  the  Alfven  speed  scales  with  the 
field  strength,  the  explanation  of  Sheeiey  cl  al.  [1984]  seems 
quite  reasonable,  since  nearly  all  fast  CME’s  can  be  associated 
with  interplanetary  shocks  detected  in  situ  [ Sheeiey  et  al., 
1983], 

On  the  other  hand,  with  the  piston-driven  model  we  might 
also  expect  that  CME’s  of  larger  angular  width  would  traverse 
a  larger  area  of  the  corona,  encounter  a  wider  range  of  Alfven 
speeds,  and  be  more  likely  to  produce  type  II  shocks  than 
would  narrower  CME’s.  As  discussed  in  section  2,  we  found 
no  such  effect.  We  might  further  suppose  that  the  brightnesses 
of  CME’s  are  not  relevant  for  producing  type  II  shocks  in  the 
context  of  the  piston-driven  model  because  the  CME’s  are 
low-/J  plasmas  in  which  the  mass  serves  primarily  as  a  tracer 
and  because  the  shock  should  occur  in  front  of  the  CME. 
Nevertheless,  the  data  of  Table  2  do  show  a  correlation  be¬ 
tween  type  II  burst  association  and  CME  brightness.  Finally, 
the  data  of  Table  3  show  that  the  size  of  the  peak  3-cm  burst 
is  equally  as  important  as  the  CME  speed  in  determining  the 
type  II  burst  association. 

None  of  these  three  factors  in  type  II  burst  association  (in¬ 
dependence  of  CME  angular  width,  and  dependence  on  both 
CME  brightness  and  peak  3-cm  flux)  are  an  obvious  predic¬ 
tion  from  the  piston-driven  shock  model.  All  three  do,  how- 
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ever,  appear  to  be  consistent  with  the  Wagncr-MacQucen  hy¬ 
pothesis  of  decoupling  between  CME  and  shock  origins.  The 
enhanced  CME  brightness  in  that  case  may  be  indicative  of 
higher  particle  densities  and  lower  Alfven  speeds  for  the  shock 
traversing  the  CME.  Alternatively,  the  enhanced  density  re¬ 
gions  of  CME's  may  be  particularly  favorable  regions  from 
which  radio  emission  at  the  plasma  frequency  can  escape  the 
corona.  In  the  decoupled  view,  the  shock  is  generated  in  the 
impulsive  phase,  the  strength  of  which  may  be  indicated  by 
the  peak  flux  density  of  the  3-cm  burst.  The  importance  of 
CME  speed  for  type  II  burst  association  might  then  be  a 
result  of  the  big  flare  syndrome  [K  abler,  1982],  in  which  more 
energetic  CME’s  tend  to  be  associated  with  more  energetic 
impulsive  bursts,  but  not  through  a  direct  causc-and-efTcct 
relationship. 

One  can  make  the  argument  in  the  opposite  direction,  of 
course,  by  asserting  in  the  context  of  piston-driven  shocks  that 
the  CME  speed  is  the  determining  factor  and  that  it  is  the 
observed  dependence  on  impulsive  3-cm  burst  intensity  and 
CME  brightness  that  follows  from  the  big  Hare  syndrome. 
Thus  we  feel  that  the  data  do  not  clearly  favor  cither  the 
piston-driven  or  the  decoupled  shock  model. 

3.2.  Observability  of  Backside  Type  Jl  Bursts 

We  found  in  section  2  3  that  23  ±  7%  of  the  backside  type 
II  bursts  associated  with  fast  CME’s  can  be  observed  at  the 
earth.  The  difference  in  speed  distributions  between  the  front¬ 
side  and  backside  events  obvious  in  Figures  1  and  2  was  taken 
into  account  in  the  calculation.  Using  the  Sheeley  et  al.  [1984] 
result  suggesting  that  essentially  all  type  II  bursts  with  no 
associated  CME’s  arc  frontside  events,  we  concluded  that 
13  ±  4%  of  all  type  II  bursts  originate  in  backside  t*cnis. 
This  result  of  -  13%  for  backside  type  11  bursts  is  below  the 
upper  limit  of  20-40%  of  all  type  II  bursts  deduced  for  back¬ 
side  events  in  the  Ha  flare  association  studies  discussed  in 
section  1. 

The  most  striking  characteristic  of  the  backside  CME’s  with 
associated  type  II  bursts  is  their  high  speed.  Excluding  the  two 
events  within  5°  of  the  limb,  wc  find  that  the  lowest  measured 
speed  of  the  backside  group  is  870  km  s"  V  As  in  the  case  of 
the  frontside  CME’s,  it  is  difficult  to  understand  in  the  context 
of  the  decoupled  CM  E/type  J1  hypothesis  why  the  CME  speed 
is  so  important  for  the  generation  of  an  observable  type  II 
burst.  The  fast  speeds  of  these  events  favor  the  piston-driven 
origin  for  the  type  II  shocks. 
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Abstract.  In  the  second  phase  acceleration  process  the  close  time  coincidence  between  the  gradual  hard 
X-ray  burst  and  the  type  II  shock  wave  is  presumed  due  to  shock  acceleration  of  the  electrons  producing 
the  gradual  phase  burst.  We  point  out  that  recent  studies  of  gradual  hard  X-ray  bursts  place  the  source 
heights  well  below  the  heights  of  2-10  x  10'  kin  traversed  by  the  shock  Gradual  phase  energetic  electrons 
therefore  cannot  be  accelerated  in  the  shock  but  must  be  produced  elsewhere  We  propose  the  loop  systems 
of  long  decay  X-ray  events  (LDEs)  as  the  sites  of  the  gradual  phase  electron  production 


1.  Introduction 

The  current  view  of  particle  acceleration  in  solar  flares  is  that  it  occurs  in  two  phases 
(Svcslka,  1976).  In  the  first,  electrons  arc  accelerated  to  energies  of  tens  of  kilovolts, 
producing  an  impulsive  hard  X-ray  and  microwave  burst.  This  phase  occurs  in  most, 
if  not  all,  flares  and  frequently  consists  of  several  individual  burst  components  (Kane 
etnl.,  1980).  SMM  gamma-ray  observations  have  shown  (Chupp,  1982)  that  MeV 
electrons  and  tens  of  MeV  protons  arc  also  sometimes  produced  in  the  first  phase 
In  the  second  phase,  usually  observed  in  the  most  energetic  flares.  MeV  electrons  and 
tens  of  MeV  protons  arc  produced  through  some  mechanism  associated  with  the 
passage  of  shock  waves  through  the  corona.  The  two-phase  picture  was  first  proposed 
by  dc  Jager  ( 1 969)  on  the  basis  of  the  close  association  of  type  IV  radio  bursts  presumed 
due  to  the  radiation  of  energetic  electrons,  with  interplanetary  MeV  proton  events 
Strong  evidence  for  this  picture  was  provided  by  Frost  and  Dennis  (1971),  who  argued 
that  the  flatter  spectrum  and  more  gradual  tune  variations  of  the  hard  X-ray  fluxes 
observed  after  the  impulsive  phase  of  the  30  March,  1969  event  must  be  due  to  an 
acceleration  mechanism  different  from  that  operating  in  the  impulsive  phase.  The  nearly 
simultaneous  onset  of  the  gradual  hard  X-ray  phase  and  the  metric  type  II  burst  in  that 
event  provided  convincing  evidence  that  the  energetic  electrons  producing  the  X-ray 
brcmsslrahlung  must  have  been  accelerated  in  association  with  the  type  II  shock. 
Hudson  (1978)  discussed  a  gradual  hard  X-ray  event  observed  on  14  December,  1971 
which  occurred  at  least  20°  behind  the  limb  and  showed  no  soft  X-ray  burst  or  impulsive 
hard  X-ray  component.  This  event  was  similar  to  that  of  30  March,  1969  in  that  it  was 
attributed  to  a  flare  behind  the  limb  and  was  closely  associated  in  time  with  a  type  II 
burst.  While  the  height  of  the  X-ray  source  region  had  to  exceed  the  occultation  altitude 
of  6.6  x  I04km,  Hudson  was  unable  to  distinguish  among  the  type  II  shock,  the 
observed  white  light  transient,  the  moving  type  IV  burst,  or  the  stationary  type  IV  burst 
as  candidate  locations  for  the  X-ray  source  region .  The  greater  source  heights  of  the  first 
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three  possibilities  imply  lower  ambient  electron  densities  and  larger  numbers  of  energetic 
electrons  than  docs  the  height  (~  1.1  R0)  of  stationary  type  IV  events.  A  third  limb 
occulted  gradual  hard  X-ray  event,  observed  on  22  July,  1972,  was  analyzed  by  Hudson 
et  at.  (1982).  They  concluded  that  a  single  acceleration  mechanism  gave  rise  to  both  the 
electrons  producing  the  gradual  hard  X-ray  bremsstrahlung  and  the  electrons  escaping 
into  interplanetary  space.  The  type  II  shock  wave  was  suggested  as  the  accelerating 
agent,  with  the  acceleration  occurring  continuously  throughout  the  event  over  a  wide 
spatial  region.  The  ambient  electron  density  of  /»,  ~  10* cm'  5  inferred  for  the  hard 
X-ray  region  was  consistent  with  that  of  the  type  II  burst  souicc  region.  This  recent 
result  appears  to  confirm  the  earlier  conclusions  of  Hudson  (1979)  and  Ramaty  et  al. 
(1980)  that  the  electrons  of  the  gradual  hard  X-ray  bursts  arc  produced  in  the  second 
phase  acceleration  process  along  with  the  McV  protons  and  relativistic  electrons  which 
escape  to  interplanetary  space. 

In  the  preceding  discussion  it  is  clear  that  a  requirement  of  the  second  phase 
acceleration  model  is  that  the  gradual  hard  X-ray  source  region  be  spatially,  as  well  as 
temporally,  associated  with  the  type  II  shock  wave.  This  means  that  the  source  heights 
must  be  in  the  range  2-10  x  10Jkm  for  metric  type  II  bursts  in  an  atmosphere 
characterized  by  10  x  Baumbach-Allcn  densities  (Maxwell  and  Thompson,  1962).  In 
the  following  sections  we  discuss  recent  gradual  phase  hard  X-ray  observations  from 
the  International  Sun  Earth  Explorer  3  (ISEE-3)  and  Hinotori  spacecraft  which  yield 
information  about  these  source  heights.  These  observations  suggest  a  source  height 
h  <  I05  km,  well  below  the  height  of  the  type  II  shock  wave,  and  a  size  scale 
IS  5  x  10J  km,  much  smaller  than  the  huge  coronal  volumes  traversed  by  the  shocks. 
These  results  imply  that,  contrary  to  current  belief,  the  energetic  electrons  producing  the 
gradual  hard  X-ray  events  arc  not  produced  in  the  associated  shock  waves,  but  probably 
arise  in  the  lower  altitude  post-fiarc  loop  systems. 


2.  Recent  Observations 

In  some  gradual  phase  events  energy-dependent  time  delays  can  be  observed  in  temporal 
features.  One  such  event  was  observed  with  the  ISEE-3  X-ray  spectrometer  on 
14  August,  1979.  In  their  analysis  of  this  event  Vilmcr  et  at.  (1982)  proposed  that  the 
electrons  were  efficiently  trapped  in  a  coronal  loop.  The  ambient  electron  density 
derived  from  their  four-parameter  fit  was  «,  =  6  x  I0'°  cm  "  \  suggesting  a  relatively 
low  coronal  source  height.  A  similar  analysis  of  the  4  and  7  August,  1972  X-ray  flares 
by  Bai  and  Ramaty  (1979)  also  yielded  a  simitar  density,  n,  ~  3  x  10'°  cm'1,  but  they 
did  not  distinguish  the  gradual  phases  from  the  impulsive  phases  in  their  analysis. 

In  a  different  approach  to  deduce  source  region  heights  Kane  el  al.  (1982)  and  Kane 
(1983)  compared  ISEE-3  and  Pioneer  Venus  Orbiter  (PVO)  observations  of  gradual 
hard  (~  150  keV)  X-ray  events  partially  occulted  at  one  of  the  two  spacecraft.  They 
found  that  ~70%  of  the  total  X-ray  emission  originated  at  altitudes  of  52500  km  for 
one  event  and  ~87%  al  less  than  30000  km  for  the  other,  again  suggesting  relatively 
high  coronal  electron  densities  for  the  gradual  event. 


Fig.  I.  Superposition  of  the  20%  hard  X-ray  contours  on  the  Hot  image  of  the  13  May  1981  two-ribbon 
flare.  The  Hinolori  observations  were  obtained  near  the  peak  of  the  gradual  hard  X-ray  event  and  show 
the  hard  X-ray  source  lying  just  over  the  tops  of  the  post-flare  loop  system.  Figure  from  Tsuneta  el  at 
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X-ray  (16-38  kcV)  images  were  obtained  with  the  SXT  between  04  :  02  and  04  :  14  UT, 
and  soft  X-ray  (5-10  keV)  images  between  04:  14  and  04:  18  UT,  allowing  a  direct 
comparison  between  the  two  imaged  wavebands.  The  hard  X-ray  source  nearly 
coincided  in  size  and  position  with  the  soft  X-ray  source,  lying  just  over  the  tops  of  the 
Ha  coronal  loops  at  a  height  of  ~ 40 000  km  above  the  photosphere  as  shown  in 
Figure  1.  About  40 °/„  of  the  hard  X-ray  counts  in  the  SXT  were  due  to  the  power-law 
spectrum,  the  rest  probably  due  to  thermal  plasmas  of  TS  20  x  106  K  (Line' a/.,  1981). 
Tsuncla  ei  al.  (1984)  argue  that  the  spatial  coincidence  of  the  35  GHz  gyrosynchrotron 
emission  source  and  the  gradual  hard  X-ray  source  supports  the  view  that  a  population 
of  nonlhcrmal  electrons  were  generated  around  the  coronal  loop  structure. 

These  observations  show  that  when  gradual  hard  X-ray  events  occur  in  association 
with  type  II  bursts,  the  required  high  ambient  electron  densities  and  low  altitudes  are 
incompatible  with  the  usual  presumed  association  of  those  events  with  type  II  shock 
waves  of  the  upper  corona  in  a  second  phase  acceleration  process.  In  addition,  the 

5  x  10J  km  by  2  x  10J  km  gradual  hard  X-ray  source  size  of  the  13  May  event  argues 
that  the  electron  acceleration  region  is  far  more  localized  than  that  of  the  type  II  shock 
\s  aves.  However,  Kai  ei  al.  (1983)  observed  gradual  enhancements  simultaneously  in  the 
hard  X-ray,  microwave,  and  metric  bands  20-50  min  after  the  impulsive  phase  of  the 

6  November,  1980  flare  which  suggest  that  energetic  electrons  can  reach  altitudes  of 
10' km  above  the  lower-lying  microwave  and  hard  X-ray  sources.  They  suggest  a 
columnar  structure,  probably  a  magnetic  loop,  for  the  gradual  source  structure 

The  5  to  10  keV  source  region  imaged  in  the  13  May  event  may  be  presumed  to  be 
a  post-flare  loop  or  soft  X-ray  long  decay  event  (LDE)  as  observed  in  Skylab  images 
(Shccley  et  til.,  1973;  Kahlcr,  1977).  Besides  the  gradual  hard  X-ray  burst,  the  13  May 
event  displayed  energetic  phenomena  characteristically  associated  with  large  LDL  flares 
-  an  XI  5  soft  X-ray  event  lasting  ~  12  hr,  a  metric  type  IV  radio  burst,  and  a  fast 
(-  1500  km  s  ')  coronal  mass  ejection  which  produced  an  interplanetary  shock 
(Shccley  ei  al.,  1983).  The  growth  of  soft  X-ray  LDE  loop  systems  requires  a  continued 
energy  input  for  periods  of  hours  (MacCombic  and  Rust,  1979).  LDE  events  have  been 
associated  with  metric  emission,  apparently  from  stationary  type  IV  bursts  in  one  case 
(Svcstka  cl  al .  1982),  and  from  a  type  1  noise  storm  in  another  (Lantos  el  al.,  1981). 
The  stationary  type  IV  bursts  have  also  recently  been  associated  with  simultaneous 
ccnlimctric  bursts  (Clivcr,  1983).  These  radio  observations  strongly  suggest  that  the 
X-ray  loop  systems  supply  not  only  thermal  energy  observed  in  the  heated  loops  but  also 
electrons  energetic  enough  to  emit  centimeter  emission  in  weak  coronal  fields.  We 
suggest  that  the  energetic  gradual  phase  electrons  are  produced  in  or  above  the  systems 
of  LDEs  and  not  in  the  type  II  shock  wave  as  commonly  believed. 

3.  Discussion 

The  close  temporal  association  observed  between  gradual  hard  X-ray  bursts  and  metric 
type  II  bursts  has  been  presumed  to  indicate  that  the  energetic  electrons  producing  the 
gradual  burst  are  accelerated  in  the  type  II  shock  wave  at  heights  of  2-10  x  105  km.  The 
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earliest  observations  of  gradual  events  were  from  limb-occultcd  flares  and  provided 
lower  limits  to  the  heights  of  the  gradual  events  which  were  consistent  with  that 
hypothesis.  However,  recent  observations  by  the  ISEE-3  and  Hinotort  hard  X-ray 
detectors  of  gradual  events  in  disk  flares  provide  no  evidence  for  these  required  heights, 
but  rather  indicate  emission  regions  well  below  10s  km.  The  value  of  the  13  May,  1981 
gradual  phase  event  is  that  it  indicates  a  close  association  of  that  phase  with  the  soft 
X-ray  loops  of  the  LDE  and  clearly  shows  that  the  gradual  phase  size  scale  is  much 
smaller  than  would  be  expected  of  an  energetic  coronal  shock  wave  traversing  a  large 
area  of  the  corona.  In  view  of  the  radio  observations  discussed  in  Section  2,  there  now 
appears  little  question  that  energetic  electrons  arc  produced  in  the  large  loop  systems 
observed  after  filament-eruption  flares.  We  have  argued  that  it  is  these  loop  systems, 
not  the  simultaneous  but  spatially  separated  shock  waves,  in  which  the  energetic 
electrons  of  the  gradual  phase  are  produced.  This  implies  that  the  impulsive  phase  in 
a  large  flare  is  followed  by  two  independent  acceleration  processes.  In  the  shock  wave 
energetic  electrons  and  protons  which  arc  generally  observed  in  the  interplanetary 
medium  arc  produced.  The  second  acceleration  process  occurs  in  the  LDE  loop 
systems.  There,  energetic  electron  production  continues,  even  though  the  gradual  hard 
(and  soft)  X-ray  flux  profiles  are  declining  in  time  or  arc  no  longer  observable  in  full 
Sun  detectors. 
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MODELS  AND  DATA 


An  extensive  study  re-examined  the  relationship  between 
"U-shaped"  peak  flux  density  spectra  of  large  solar  radio 
bursts  and  solar  proton  events.  Approximately  200  large 
(Sp(^-  200  GHz)  800  solar  flux  units)  microwave  bursts 
occurring  during  the  years  1965  to  1979  were  classified  and 
their  associations  with  Type  II  and/or  Type  IV  meter 
wavelength  bursts  and  >  10-MeV  proton  events  were  studied. 

Using  the  t r a j ec t o r y - t r ac i ng  technique  and  the  1980.0 
geomagnetic  field  model,  vertical  cutoff  rigidities  have  been 
calculated  every  5°  in  latitude  and  5°  in  longitude  from  75°N 
to  75°S.  Location  of  the  cosmic  ray  equator  has  also  been 
calculated  using  the  trajectory-tracing  technique.  Studies 
have  been  done  on  the  use  of  the  Mcllwain  L -parameter  to 
approximate  cutoff  rigidity  values  at  specific  locations 
providing  a  reasonable  estimate  of  cutoff  rigidities  without 
the  exten.ive  computer  calculations  required  for  cosmic  ray 
t  r  a  j  e  c  t  o  r  y  tracing.  Studies  have  also  been  done  correlating 
changes  b  tween  asymptotic  directions  of  cosmic  ray  particles 
and  cutof 1  rigidities  in  the  evolving  geomagnetic  field. 

Work  has  continued  on  the  project  to  assemble  a  data 
base  of  G  ound  Level  Event  Data  for  the  thirty-nine  events 
which  havi  occurred  during  the  past  forty  years,  and  convert 
the  data  nto  a  standard  format.  The  suggested  standard 
format  includes  corrected,  uncorrected,  and  barometric 
pressure  values  for  both  hourly  and  small  time  intervals 
during  a  48  to  72-hour  time  period  surrounding  each  event. 


Each  file  also  contains  a  nine  line  header  with  pertinent 
station  information  to  aid  in  data  analysis.  Four  of  the 
more  recent  events  received  particular  attention:  Event  #31 

on  7  May  1978,  Event  #36  on  12  October  1981,  Event  #38  on 
7  December  1982,  and  Event  #39  on  16  February  1984. 
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ABSTRACT 

A  revision  to  the  suggested  standard  format  for  the  exchange  and  archiving 
of  cosmic  ray  ground-level  event  data  is  presented. 

1 .  I nt roduc 1 1  on.  A  standard  format  for  cosalc  ray  ground-level  event 
data  was  suggested  at  Che  19ch  International  Cosmic  Ray  Conference  /!/.  In 
utilizing  chis  format  for  compilation  of  data  for  both  recent  and  historical 
events  we  encountered  several  problems.  Although  only  slight  changes  have  been 
made  in  the  basic  format,  provision  has  been  made  to  Include  a  header  containing 
station  information,  a  data  code  Indicating  the  type  of  cosmic  ray  data  in  each 
line,  and  a  time  code  indicating  the  timing  accuracy.  The  format  has  also  been 
expanded  to  accommodate  tine  Intervals  accurate  to  the  nearest  second. 

2 .  _ Revl  sed  Format .  An  tAjmple  of  th'  revised  format  for  the  exchange  of 

ground-level  cosmic  ray  data  is  shown  in  Table  1.  The  format  includes  a  nine- 
line  header  followed  by  the  data  for  the  event. 

3.  Header  Information.  The  header  information  was  added  to  provide  as 
much  station  information  as  possible  for  the  user,  and  to  aid  in  future  data 
analysis.  The  header  information  should  be  provided  in  the  exact  format  shoun 
in  Table  1  as  detailed  in  the  following  list: 

Line  1:  Columns  1-10:  Station  Name  (abbreviate  if  necessary). 

Columns  12-19:  The  word  "LATITUDE". 

Columns  22-27:  Station  latitude  (F6.2).  Indicate  southern  latitudes 
by  a  minus  sign  in  Column  22. 

Columns  32-40:  The  word  "LONCITUDE" . 

Columns  44-49:  Station  longitude  (F6.2)  in  degrees  east  of  Creenvich; 
all  positive  numbers. 

Columns  54-61:  The  word  "ALTITUDE". 

Columns  64-67:  Station  altitude  (14)  in  meters  above  sea  level. 

Column  69:  The  letter  "M"  to  designate  meters. 

Line  2:  Columns  1-10  :  Station  Name  (abbreviate  if  necessary). 

Columns.  12-21:  The  word  "INSTRUMENT". 

Columns  24-31:  Start  of  Instrument  description  as  follows:  for  an 
NM-64  the  designation  is  XX-NM-64  where  XX  1 s  the 
number  of  tubes  (columns  24-25).  For  an  ICY  monitor, 

ICY  appears  in  columns  26-28;  leave  the  remaining 
columns  blank.  Fbr  other  instrumentation  leave 
columns  24-31  blank. 

Columns  34-75:  The  type  of  detector  (e.g.  neutron  monitor).  If  the 
detector  is  an  ionization  chamber,  a  muon  telescope, 
or  a  specialized  instrument  6uch  as  a  bare  counter  or 
multiplicity  counter,  identify  it  here  and  leave 
columns  24-31  blank. 

Line  3:  Columns  1-10:  Station  Name  (abbreviate  if  necessary). 

Columns  12-28:  The  words  "STANDARD  PRESSURE". 
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Table  1.  An  example  of  ftround- 1 e vc 1  evcnl  data  In  the  standard  format  for 
the  7  May  1978  event.  Only  a  partial  data  set  for  the  Kiel  neutron  monitor 
Is  shown.  Flve-mlnute  data  continue  until  0700  UT  and  hourly  data  until 
2400  UT  for  this  event.  The  time  interval  of  0200-0300  UT  was  selected  as 
the  pre-increase  baseline  time  Interval. 


met  LATITUDE  94.3)  L0NC1TUDC  10. 1J  ALTITUDE  94  M 
KIEL  INSTRUMENT  H-NM-64  NEUTRON  MONITOR 

KIEL  STANDARD  PRESSURC  799.  HNHC  COEfflClENT  -0.961  t  /  MmHC 
KIEL  PRC- INCREASE  BASELINE  TIME  INTERVAL  780907  0 3 0 000 • 0 1 0000  UT 
K I  CL  PRE-INCREASE  AVERAGE  COUNTING  RATE  19S.90  COUNTS  PER  SECOND 


AlCL 

time  INTERVALS  3600  300 

A  1  CL 

SCALE 

FACTORS  10.  1. 

• 

• 

• 

- 

5  TaT 1  ON 

tymndo 

SEC  TIME  (UTJ  CODE 

UNCORR. 

PRESS. 

CORR. 

INC. 

interval  td 

C/s 

( MMHC ) 

C/S 

A  1  CL 

760906 

3600  000000-010000  00 

197.66 

799.2 

197.97 

•  1.2 

A  !  CL 

780906 

3600  010000-020000  00 

196.23 

794.9 

198.07 

-1.1 

A  1  CL 

760906 

3600  020000-030000  00 

190.67 

794.9 

197.9) 

•1.2 

A  ]  CL 

760906 

3600  010000-040000  00 

199.67 

794.2 

198.49 

-  .  9 

A  JtL 

780906 

3600  040000-090000  00 

160.09 

794.1 

198.68 

-  .8 

A  1  CL 

780906 

3600  090000-060000  00 

199.42 

794.0 

197.98 

•  1  .  3 

A  1  CL 

7  60906 

3600  060000-070000  00 

199.99 

794.0 

198.0) 

-1.2 

Al  CL 

780906 

3600  070000-080000  00 

160.27 

793.9 

198.98 

-  .  6 

a  I  CL 

780906 

3600  080000-090000  00 

161 .29 

793.7 

199.29 

-  .  4 

A  J  CL 

780906 

3600  070000 ■ I  00000  00 

161 .87 

793.4 

199.40 

•  .  3 

A  I  CL 

780906 

3600  100000-110000  00 

161.40 

793.0 

198.il 

-1.0 

A  1  t  L 

780906 

3600  1 10000-  1  20000  00 

162.27 

792.6 

198.97 

-  .  8 

A  1  CL 

780906 

3600  120000-130000  00 

163.17 

792.  3 

198.99 

-  .6 

A  I  CL 

780906 

3600  1  30000-  1  40000  00 

163.17 

792.2 

198.64 

■  .  7 

A  1  CL 

780906 

3600  140000-190000  00 

163.12 

792.  1 

198.8) 

-  .  7 

A  1  CL 

780906 

3o00  190000-160000  00 

163.49 

792.0 

198.89 

•  .  7 

A  )  CL 

7  b  0906 

3600  160000-170000  00 

162.91 

192.1 

198.49 

■  .9 

A  I  L  L 

760906 

3600  1  70060  -  1  80000  00 

163.79 

792.0 

1 99. 1 0 

-  .  9 

A  1  CL 

780906 

3600  160000-190000  00 

164.01 

7  92  .1 

199.90 

•  .2 

A  1  CL 

780906 

3600  190000-200000  00 

163.82 

792.  3 

199.63 

-  .2 

A  I  CL 

780906 

3600  200000-210060  00 

164.09 

7,2.  3 

199.89 

.  0 

a  j  i  l 

760906 

3600  210000*220000  00 

164.26 

792.2 

199.91 

.  0 

A  J  CL 

760906 

3600  220000-230000  00 

164.98 

792 . 2 

160.22 

.  2 

A  1  CL 

760906 

3600  230OOO- 24OOO0  00 

164.99 

7  9  2  .1 

160.46 

.  4 

A  1  CL 

760907 

3600  000000-01000 0  OO 

169.44 

792.0 

160.74 

.  9 

A  1  CL 

760907 

3600  010000-020000  00 

1  o9 . 29 

791.9 

160.40 

.  3 

A  1  CL 

780907 

100  020000-020900  00 

163.60 

791.8 

196.64 

.8 

A  )  CL 

760907 

100  020900-02100 0  00 

164.9) 

791.8 

199.94 

.  0 

Al  CL 

780907 

300  021000-021900  00 

166.12 

791  .8 

161.09 

.  7 

KILL 

780907 

300  021900022000  00 

166.31 

791.9 

161.4) 

1  .  0 

A  1  C  L 

780907 

300  032000-022900  00 

164.19 

791.8 

1 99. 22 

-  .  4 

A  1  C  L 

780907 

300  022900-023000  00 

164.06 

791  .  9 

199.29 

-  .  4 

A  I  CL 

780907 

300  02 3000-02 J900  00 

164.36 

791.9 

199.94 

•  .  2 

A  1  CL 

780907 

300  023900-024000  00 

169.93 

791.8 

160.90 

.6 

A  1  tL 

780907 

300  024000-C24900  00 

163.89 

791  .8 

198.89 

•  .  fc 

A  I  CL 

780907 

300  024900-079000  00 

369.13 

791.8 

160.1) 

.  1 

A  I  CL 

780907 

300  029000-029900  00 

163.38 

791.8 

198.44 

-  .  9 

A  I  CL 

780907 

300  029900-030000  00 

166.92 

79)  .7 

161.32 

.  9 

Al  CL 

780907 

300  036000*030900  00 

169.11 

791 .7 

199.96 

.0 

A  l  Cl 

780907 

300  030900-031000  00 

169.97 

791  .8 

160.96 

.  4 

A  1  CL 

780907 

300  031000-031 900  00 

164.78 

791.9 

199.94 

.  0 

Al  CL 

760907 

300  031900-032000  00 

164.28 

792.0 

199.61 

•  .  2 

KI  CL 

780907 

300  032000-032900  00 

162.94 

792.0 

198.31 

•1.0 

A  1  C  L 

780907 

300  032900-033000  00 

166.43 

792.0 

361.70 

1  .  1 

A  1  CL 

780907 

300  033000-033900  00 

164.33 

792.0 

199.67 

•  .  1 

A  1  CL 

700907 

300  033900-034000  00 

266.68 

791.9 

260.99 

63.2 

Al  CL 

780907 

300  034000-034900  00 

313.37 

79)  .7 

304.17 

90.2 

A  1  LL 

780907 

300  034900-039000  00 

266.19 

192.0 

298.6) 

61 . 7 

A  1  CL 

780907  . 

300  039000-039900  00 

232.49 

792.0 

229.89 

41  .  3 

A  1  L'L 

780907 

300  039900-040000  00 

2)1.68 

792.1 

206.06 

20.9 

A)  CL 

780907 

300  040000-040900  00 

199.22 

792.2 

190.04 

18.8 

Al  CL 

700907 

.300  040900-041000  00 

190.36 

792.2 

189.12 

19.8 

Al  CL 

700907 

'300  041000-041900  00 

180.79 

792.2 

179.99 

10.1 

Al  CL 

780907 

300  041900-042000  00 

177.99 

792.2 

172.84 

8.) 

A  1  CL 

780907 

300  042000-042900  00 

176.12 

792.2 

171.49 

7.2 

A)  CL 

780907 

300  042900-043000  00 

172.24 

792.2 

167.67 

4.9 

Al  CL 

780907 

300  043000-043900  00 

17)  .17 

792.2 

166.62 

4  .  2 

A  1  LL 

780907 

300  043900-044080  00 

17) .29 

792  .) 

166.99 

4  .  2 

A  J  L'L 

780907 

JOv  8446u0-644'3uO  80 

168.11 

792  .) 

16J.99 

2.  j 

KILL 

760907 

300  044900-049000  00 

169.69 

792.1 

169.03 

3.2 

Al  LL 

780907 

368  O49OUO-O499O0  00 

168.28 

792.1 

163.86 

2  .  4 

Al  CL 

780907 

300  049900-090000  00 

169.79 

792.2 

169.24 

3.  3 
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Columns  31-37:  The  standard  pressure  (F7.2).  If  the  standard  pressure 
Is  In  centimeters  or  Inches  use  (F7.2);  If  in  milli¬ 
meters  or  millibars,  use  (F6.1,1X). 

Columns  41-44:  The  unit  of  pressure:  "MMHG",  "CKHG"  or  "INHC"  as 
appropriate*  If  "MB"  is  used,  the  letters  go  in 
columns  42  and  43  with  columns  41  and  44  blank. 

Columns  47-57:  The  word  "COEFFICIENT". 

Columns  60-66:  The  value  of  the  barometric  pressure  coefficient  in' 
percent  per  unit  pressure  (F7.4). 

Column  66:  The  percent  sign  (i.e.  Z). 

Column  70:  The  slash  sign  (i.e.  /). 

Columns  72-75:  The  unit  of  pressure:  "MMHC" ,  "CMHC",  or  "INUC"  as 
appropriate.  If  "MB"  is  used,  the  letters  go  in 
columns  73  and  74  with  columns  72  and  75  blank. 

Line  4:  Columns  1-10:  Station  Name  (abbreviate  if  necessary). 

Columns  12-46:  The  words  "PRE-INCREASE  BASELINE  TIME  INTERVAL". 

Columns  50-55:  The  year,  month  and  day  of  the  pre-increase  baseline 
time  interval  (312). 

Columns  59-64:  The  hour,  minutes  and  seconds  of  the  start  of  the 
baseline  time  interval  (312). 

Column  65:  The  hyphen  (i.e.  -) . 

Columns  66-71:  The  hour,  minutes  and  seconds  of  the  end  of  the 
baseline  time  interval  (312). 

Columns  74-77:  The  letters  "UT". 

The  baseline  time  interval  is  the  Interval  from  which  the  percentage  increase 
is  calculated.  The  complete  hour  (in  UT)  before  the  onset  of  the  particle 
increase  at  the  earth  would  be  the  commonly  used  time  interval.  The  earliest 
onset  for  the  increase  for  the  event  on  7  May  1978  was  between  0335  and  0338 
UT ;  thus  percentage  increases  would  be  determined  using  the  average  counting 
rate  for  the  hourly  interval  0200-0300  UT. 

Line  5:  Columns  1-10:  Station  Name  (abbreviate  if  necessary). 

Columns  12-45:  The  words  "PRE-INCREASE  AVERACE  COUNTING  RATE”. 

Columns  50-56:  The  value  of  the  pre-increase  average  counting  rate  in 
counts  per  second. ( F7. 2) . 

Columns  59-75:  The  words  "COUNTS  PER  SECOND". 

Line  6:  Columns  1-10:  Station  Name  (abbreviate  if  necessary). 

Columns  12-25:  The  words  "TIME  INTERVALS". 

Columns  29-32:  The  number  of  seconds  (14)  in  the  largest  time  interval 
of  data  in  this  data  set  (e.g.  3600  for  hourly  data). 
Columns  33-72:  The  number  of  seconds  in  the  various  time  intervals 
used  in  the  data  set  In  a  5(4X,I4)  format.  (For 
example  if  both  5  minute  and  1  minute  data  are 
included,  use  bbbbb300bbbbbb6 0  where  b  indicates 
blanks.)  Five  time  intervals  can  be  given  in  addition 
to  the  first  interval,  for  a  total  of  six. 

Line  7:  Columns  1-10:  Station  Name  (abbreviate  if  necessary). 

Columns  12-24:  The  words  "SCALE  FACTORS". 

Columns  30-35:  Scale  factor  used  in  the  largest  time  interval  (F6.2) 

(e.g.  a  scale  factor  of  128,  is  given  as  128.00.) 

Columns  36-75:  The  scale  factors  used  for  each  of  the  various  time 

intervals  given  in  Columns  33-72  of  Line  6  in  the  sane 
order  as  given  on  that  line.  The  format  is  5(2X,F6.2). 
Lines  8  and  9  are  column  headings  for  the  data  that  follow. 

Line  6:  Columns  1-10:  Station  Name  (abbreviate  i f ’  nece s sary) . 

Columns  12-17:  The  letters  "YYKMDD"  Indicating  year,  month  and  day. 
Columns  20-22:  The  letters  "SEC"  indicating  number  of  seconds  in  the 
time  interval. 

Columns  26-34:  The  words  "TIME  (UT)". 

Columns  37-40:  The  word  "CODE". 

Columns  44-50:  The  letters  "UNCORR."  indicating  values  not  corrected 
for  barometric  pressure. 

Columns  52-57:  The  letters  "PRESS."  Indicating  barometric  pressure. 
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4  Columns  63-67:  The  letters  "CORR."  Indicating  values  corrected  for 

barometric  pressure. 

Columns  70-75:  The  Identification  "2  INC."  Indicating  percentage 
Increase  (i.e.  above  baseline). 

Line  9:  Columns  26-33:  The  word  "INTERVAL". 

Column  38:  The  letter  "T"  for  the  Time  code  (see  below). 

Column  39:  The  letter  "D"  for  the  Data  code  (see  below). 

Columns  46-48:  The  designation  “C/S"  Indicating  counts  per  second.. 

Columns  52-57:  The  units  of  pressure,  within  parentheses,  as  follows: 

"(MMHC)" ,  ' ( CMHC) " ,  "( INHC)“ ,  or  "(  MB  )". 

Columns  64-66:  The  designation  "C/S"  indicating  counts  per  second. 

4.  Cosmic  Radiation  Data  Information.  The  remaining  lines  contain  cosmic 
radiation  data  in  the  following  format: 

Columns  1  -  10:  Station  identification  (alphanumeric;  abbreviate  if  neces¬ 
sary).  L)6e  the  same  identification  as  in  header  lines. 
Columns  12  -  17:  Year,  month  and  day  (312). 

Columns  19  --22:  Number  of  seconds  in  this  time  interval  (14). 

Columns  24  -  36:  The  hour,  minutes,  and  seconds  of  the  beginning  and  end 
of  this  time  interval  (312,  1H-,  312). 

Column  38:  Time  code  as  follows: 

0  -  Time  accurate  to  the  nearest  minute. 

1  -  Time  accurate  to  the  nearest  second. 

2  -  Time  accurate  to  the  nearest  10  seconds. 

3  -  Time  accurate  to  t lie  nearest  30  seconds. 

7  -  Time  uncertainty  greater  than  I  minute  and  less  than 

five  minutes. 

8  -  Tine  uncertainty  greater  than  or  equal  to  5  minutes. 

9  -  Probable  time  error  of  undetermined  amount  in  source 

data]  approximate  time  adjustment  has  been  made. 

Column  39:  Data  code  as  follows: 

0  -  Uncorrected,  pressure  (measured)  and  corrected  cosmic 
ray  data. 

1  -  Uncorrected,  pressure  (interpolated)  and  corrected 

cosmic  ray  data. 

2  -  Corrected  cosmic  ray  data  only. 

3  -  Uncorrected  cosmic  ray  data  only. 

4  -  Corrected  and  uncorrected  cosmic  ray  data  only.  (No 

pressure  given  for  observation  period;  insufficient 
information  for  pressure  interpolation.) 

5  -  Percent  increase  only.  (Baseline  time  interval  used 

Day  be  different  from  standard.) 

6  -  Cosmic  ray  data  do  not  exist  (e.g.  due  to  calibration, 

equipment  failure,  etc.). 

9  -  Existence  of  cosmic  ray  data  unknown. 

Columns  42  -  50:  Uncorrected  councing  rate;  counts  per  second  (F9.2). 

Columns  52  -  58:  Barometric  pressure.  ,  (F7.2  if  pressure  is  in  centimeters  or 
inches;  F6.1,1X  if  pressure  is  in  millimeters  or  millibars.) 
Columns  60  -  68:  Corrected  counting  rate;  counts  per  second  (F9.2). 

Columns  70  -  75:  Percentage  increase  (F6.1)  above  the  pre-increase  average 
counting  rate  determined  from  the  baseline  time  interval. 

We  hope  that  all  cosmic  ray  data  for  ground-level  events  will  now  be 
reported  to  the  World  Data  Centers  In  this  standard  format. 
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ABSTRACT 

The  concept  of  geomagnetic  optics,  se  described  by  the  asymptotic 
directions  of  approach,  is  extremely  useful  in  the  analysis  of 
cosmic  radiation  data.  However,  when  changes  in  cutoff  occur 
e6  a  result  of  evolution  in  the  geomagnetic  field,  there  are 
corresponding  changes  in  the  asymptotic  cones  of  acceptance.  We 
introduce  here  a  method  of  estimating  the  change  in  the  asymptotic 
direction  of  approach  for  vertically  incident  cosmic  ray  particles 
from  a  reference  6et  of  directions  at  a  specific  epoch  by  consider¬ 
ing  the  change  in  the  geomagnetic  cutoff. 

1.  Introduction.  Cosmic  ray  particles  must  travel  along  specific  allowed 
trajectories  through  the  geomagnetic  field  to  reach  a  location  on  or  near 
the  earth.  In  order  to  relate  cosmic  ray  intensity  variations  observed 
at  different  cosmic  ray  stations  to  the  cosmic  ray  flux  In  6pace  the 
concept  of  asymptotic  directions  ot  approach  was  developed  (6ee  McCracken 
et  al.,  1968,  for  a  review).  By  application  of  the  asymptotic  directions 
of  approach  the  u6er  need  not  be  concerned  about  the  specific  details  of 
the  allowed  cosmic  ray  trajectories  and  can  relate  any  specific  cosmic 
ray  particle  with  a  unique  direction  in  6pace.  For  a  cosmic  ray  particle 
with  rigidity  R,  arriving  at  a  specific  location  (characterized  by  the 
geographic  latitude  A  and  the  geographic  longitude  Cj  from  a  direction  of 
incidence  (described  by  the  zenith  angle  6  and  the  azimuthal  angle  the 
asymptotic  direction  of  approach  i6  given  by  the  unit  vector  A(R ,  A,  0,  6,  if) 
pointing  in  the  reverse  direction  to  the  particle's  velocity  vector  prior 
to  the  particle'6  entry  into  the  geomagnetic  field.  For  the  purposes  of 
this  paper  and  for  a  specific  location  the  vector  A  16  specified  for  ver¬ 
tical  Incidence  in  terms  of  the  geocentric  coordinate  system  as  asymptotic 
latitude,  X(R)  -  *(R,Rj(  A,  €>),  8  -  0*)  and  asymptotic  longitude,  <KR)  “ 

«R,Rg(A,$),  6  -  0®)  vhere  Rj  is  the  rigidity  corresponding  to  the  first 
discontinuity  in  asymptotic  longitude  os  defined  below. 

The  allowed  rigidity  spectrum  of  cosmic  ray  particles  arriviDg  from 
e  specific  direction  at  any  location  in  the  geomagnetic  field  contains 
distinct  fiducial  marks:  Ry ,  the  rigidity  associated  with  the  first  dis¬ 
continuity  in  asymptotic  longitude  occurring  as  the  trajectory  calcula¬ 
tions  are  progressing  down  through  the  rigidity  spectrum,  and  Ry,  the 
rigidity  et  end  above  which  the  trajectory  calculations  yield  allowed 
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orbits.  The  rigidity  value  is  always  greater  than  or  equal  to  Ry 
if  both  are  determined  by  employing  the  same  uniform  discrete  (usually 
0.01  GV)  rigidity  intervals  in  the  trajectory  calculations.  R^  is,  in 
general,  a  value  extremely  close  to  the  main  cone  cutoff  rigidity  as 
defined  by  Lemaitre  and  Vallarta  (1936).  A  change  in  the  geomagnetic 
field  has  an  almost  equivalent  effect  on  both  the  rigidity  corresponding 
to  the  first  discontinuity  and  the  vertical  upper  cutoff,  and  results  in 
a  similar  effect  on  the  vertical  effective  cutoff  rigidity  (Fluckiger  et 
al.,  1983a,  1983b). 

Fluckiger  et  al.,  (1983b)  have  6hown  that  geomagnetic  disturbances 
reduce  the  cutoff  rigidity  in  e  predictable  manner  dependent  on  the 
strength  and  longitudinal  structure  of  the  magnetic  perturbation  and 
the  longitudinal  difference  betveen  the  magnetic  perturbation  and  the 
observing  location.  Furthermore,  the  change  in  asymptotic  longitude 
(down  to  the  first  discontinuity)  also  behaves  in  a  similarly  predictable 
manner.  Therefore  the  asymptotic  directions  of  approach  during  perturbed 
geomagnetic  conditions  can  be  deduced  with  considerable  accuracy  from 
the  asymptotic  directions  computed  using  the  quiescent  geomagnetic  field 
if  the  associated  change  In  cutoff  rigidity  is  known.  In  this  paper  we 
extend  these  concepts  to  include  the  time  evolution  of  the  geomagnetic 
field  on  the  asymptotic  direction  of  approach  for  cosmic  ray  particles 
arriving  at  a  particular  location. 

2 ,  Me  thod .  We  will  define  the  terms  6X*(P.)  and  6i|‘*(R)  as  6X*(R)  -  X'(R) 

-  A(  K—  6R  i )  ,  and  6  ( R )  “  <Ji’(r)  -  ^(R-CRj^),  where  6Rj  -  R^'  -  Rj  ,  and 

the  primed  values  Indicate  the  evolved  geomagnetic  field  and  the  unprimed 
values  indicate  the  reference  geomagnetic  field.  When  there  values  are 
plotted  as  a  function  of  rigidity,  it  has  been  found  that  there  are  prac¬ 
tically  no  changes  for  6X*  down  to  the  rigidity  value  of  Rj  '  •  Therefore, 
we  may  set  6X*  -  0°  (Fluckiger  et  al.,  1983b).  For  d'i*  only  small  resid¬ 
ual  changes  on  the  order  of  several  degrees  are  found  down  to  rigidities 
approaching  the  value  of  .  For  any  particular  location  ar.d  for  rigid¬ 
ities  up  to  several  GV  above  the  main  cutoff  the  following  expressions 
can  be  used  to  describe  the  correlation  between  the  asymptotic  directions 
in  an  evolved  geomagnetic  field  and  the  asymptotic  directions  in  a 
reference  geomagnetic  field: 

X’(R)  “  X(R  -  6RL  )  ,  and  <^'(R)  "  <KR  -  6Rj  )  +  C  *  6rx  , 
where  C  is  a  measure  of  the  residual  change  This  procedure  16 

valid  only  for  rigidities  larger  than  or  R^*,  respectively. 

At  rigidities  below  Rj  no  similar  relation  ha6  been  found,  although 
coherent  clusters  of  trajectories  may  be  distorted  uniformly  by  magnetic 
changes.  It  ha6  been  shown  that  the  main  features  of  allowed  and  forbid¬ 
den  regions  in  the  penumbra  are  conserved  to  a  certain  extent  in  a  per¬ 
turbed  geomagnetic  field  (Fluckiger  et  al.,  1979,  1982).  However,  the 
asymptotic  longitudes  of  the  allowed  trajectories  of  the  fine  detailed 
structure  in  the  cosmic  ray  penumbra  continue  to  be  quasi-random. 

3.  Application.  We  have  applied  thl6  procedure  by  comparing  the  asymp¬ 
totic  directions  calculated  for  the  International  Geomagnetic  Reference 
Field  Epoch  1965.0  with  those  calculated  for  epoch  1980.0  for  cosmic  ray 
stations  and  world  grid  locations.  To  illustrate  this1  applicat ion ,  wc 
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considered  the  1965  epoch  a6  the  reference  values  and  the  1980  epoch  as 
the  evolved  values.  We  would  expect  a  close  comparison  between  the 
asymptotic  dlreftlopf  above  the  first  discontinuity  (Rj)  such  that 
iKRj  +  AR)  “  (R,  +tAR)  where  AR  represents  an  arbitrary  rigidity 

value  above  Rj  ana  Rj  .  Here  41  denotes  the  asymptotic  longitude  In 
the  reference  flel^,and  ^  the  asymptotic  longitude  In  the  evolved 
field.  Rj  and  Rj  are  approximations  to  the  rigidity  value  of  the 
fir6t  discontinuity  obtained  by  examining  the  gradient  in  the  change  of 
the  asymptotic  direction  with  rigidity  as  the  first  discontinuity  is 
approached  from  rigidity  values  above  the  main  cutoff.  The  values 
selected  approximate  the  flr6t  discontinuity  in  asymptotic  direction, 
R,  and  Rj  were  the  rigidity  values  where  the  gradient  in  asymptotic 
direction  was  greater  than  1000°  per  GV  and  increased  by  more  than  1.5 
times  in  the  next  0.01  GV  increment.  Examination  of  those  results  and 
comparison  with  other  calculations  have  shown  that  thi6  approximation 
i  6  close  to  and  slightly  greater  than  the  rigidity  of  tlie  first  discon¬ 
tinuity  calculated  u6ing  very  small  rigidity  intervals. 

For  the  examples  given  in  tlie  following  tables,  the  increment  of 
rigidity  added  to  the  approximation  of  the  first  discontinuity  value  was 
the  change  in  rigidity  of  the  first  discontinuity  between  the  reference 
field  and  tlie  evolved  field.  This  value  was  used  because  it  was  sure  to 
be  in  the  set  of  continuous  asymptotic  directions  above  the  main  cutoff 
in  both  data  sets.  In  Table  1  we  illustrate  the  results  for  cosmic  ray 
stations  at  locations  where  the  geomagnetic  cutoff  is  decreasing  with 
time.  In  Table  2  we  stow  results  for  cosmic  ray  stations  at  locations 
where  the  cosmic  ray  cutoff  is  increasing  with  time.  An  inspection  of 
the  a6ycptotic  longftude6  given  in  the  second  and  third  columns  from 
the  right  in  ttiese  tables  indicates  that  the  asymptotic  longitudes  for 
Che  specified  rigidity  values  are  quite  similar. 

4.  Conclusions.  We  have  illustrated  t  ha  t  the  asymptotic  directions  for 
an  evolved  geomagnetic  field  for  rigidity  values  above  the  Rj  value 
(the  first  discontinuity  in  asymptotic  direction  progressing  down 
through  the  rigidity  scale)  can  be  obtained  from  a  "know:."  reference 
set  of  asymptotic  directions  if  t  he  change  in  cutoff  is  known. 

5.  Acknowledgments.  A.  A.  Bathurst  and  L.  C.  Gentile  acknowledge 
support  from  tlie  U.  S.  Air  Force  Geophysics  Laboratory  under  Contract 
No.  F19628-82-K-0039. 
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TABLE  1. 

Changes  of  Asymptotic  Longitude  for  Cosmic  Ray  Stations  Where  the  Cutoff  is  Decreasing. 

*  for  1980  at  Rj*‘  ♦ I AR|  -  +for  196b  at  Rj*  *|AR|.  where  AR  -  (Rj*  '  for  1900)  -  (R,*  for  1965) 

STATION  NAM  EPOCH  1965  EPOCH  1980  1965  1980 

CEOCRAPH1C  ,  ,  ~  ~ 


LAT 

LONG 

1 

*1) 

R 

• 

1 

* 

R, 

0 

P 

•  * 

1 

*r 

RIG 

* 

*' 

RIG 

Ahmedabad 

23 

.01 

72 

.61 

15 

.90 

15 

.92 

46 

15 

.77 

15 

.79 

51 

-0 

.13 

If 

.05 

329 

327 

15 

.92 

Alma  Ata 

43 

.20 

76 

.94 

6 

.92 

6 

.93 

36 

6 

.07 

6 

.90 

30 

-0 

.03 

f 

•  °6 

358 

355 

6 

.93 

Bri sbane 

-27 

.50 

153 

.01 

7 

.39 

7 

.42 

121 

) 

.22 

7 

.26 

116 

-0 

.16 

7 

.58 

31 

30 

7 

.4? 

Buenos  Aires 

-34 

.58 

301 

.50 

10 

.59 

10 

.61 

266 

10 

.12 

10 

.15 

246 

-0 

.46 

11 

.07 

130 

124 

10 

.61 

Chacal taya 

-16 

.31 

291 

.85 

12. 

.85 

12 

.87 

2  57 

12 

.53 

12 

.54 

263 

-0, 

.33 

13 

.20 

144 

144 

12 

.87 

Cl imax 

39 

.37 

253 

.82 

3 

.14 

3 

.24 

146 

3 

.12 

3 

.22 

153 

-0 

.02 

3 

.26 

124 

128 

3 

.24 

Gu 1 marg 

34 

.07 

74 

.42 

12 

.33 

12 

.35 

44 

12 

.24 

12 

.26 

46 

-0 

.U9 

12 

.44 

336 

337 

12 

.35 

Hernanus 

-34 

.42 

19 

.22 

5 

.02 

5 

.06 

30? 

4 

.83 

4 

.86 

311 

-0 

.20 

5 

.26 

215 

214 

5 

.06 

Hobart 

-42 

.90 

147 

.33 

-> 

.10 

2 

.12 

44 

2 

.06 

2 

.08 

43 

-0. 

.04 

2 

.16 

13 

11 

2 

.12 

Huancayo 

-1? 

.05 

284 

.67 

n. 

.24 

13 

.25 

266 

1? 

.91 

12 

.93 

253 

-0 

.32 

13 

.57 

142 

140 

13 

.25 

Mexico  City 

19 

.33 

260. 

.82 

9. 

.57 

10. 

.24 

257 

9 

.27 

9 

.94 

250 

-0. 

.30 

10 

.54 

121 

123 

10 

.24 

Hi  1  dura 

-34 

.23 

142. 

.22 

4  . 

.56 

4  , 

.59 

97 

4 

.43 

4 

.46 

07 

-0, 

.13 

4 

.72 

11 

11 

4 

.59 

Ht .  Wei  1 i ngton 

-42 

.92 

147 , 

.24 

•> 

.03 

2 

.11 

49 

1 

.99 

2 

.07 

49 

-0, 

.04 

2 

.15 

14 

12 

2 

.11 

Palest ine 

31 

.75 

264 

.35 

4  . 

.74 

4 

.90 

185 

4 

.69 

4 

.86 

194 

-0. 

.04 

4 

.94 

149 

147 

4 

.90 

Potchefstroom 

-26 

.70 

27, 

.10 

7. 

.68 

7 . 

.72 

34  6 

7 

.49 

7 

.53 

337 

-0, 

.19 

7 

.91 

2  47 

245 

7 

.72 

Sydney 

-33 

.60 

151  . 

.10 

5. 

.16 

5. 

,19 

Hfc 

6 , 

.06 

5 

.09 

81 

-0. 

.10 

5 

.29 

21 

21 

5. 

.19 

Tbi 1 l si 

41  . 

.72 

44  . 

.80 

6. 

,96 

i 

.00 

357 

6 

.95 

6 

.97 

14 

-0. 

,03 

7 

.03 

322 

321 

7 

.00 

TAP.Lt  2. 

Changes  of  Asymptotic  longitude  for  Cosmic  Pay  Stations  Where  the  Cutoff  is  Increas-ng. 
♦.for  1980  at  Rj  ♦  |  AP.|  -  *for  1965  at  R  j  *  «  |«R|,  where  ftp  «  { R  j  *  for  1980)  -  (Rj*  for  1965) 


STATION  NAME 

EPOCH 

1965 

EPOCH 

1980 

1965 

1900 

GEOGRAPHIC 

LAT 

LONG 

PU 

Rl* 

4 

RU 

Pl‘ 

4- 

V 

RIG 

4 

< 

RIG 

Athens 

37  .97 

23.72 

8.98 

8.99 

355 

9.06 

9.08 

340 

0.09 

9.08 

280 

275 

9.1 7 

Bologna 

44.50 

11  .33 

5.41 

5.44 

297 

5.52 

5.55 

295 

0.11 

5.55 

231 

231 

5.66 

Budapest 

47  .50 

18.90 

4  .74 

4.7? 

309 

4  .8? 

4.83 

309 

0.06 

4  .83 

254 

253 

4.89 

Cal gary 

51  .08 

245.91 

1.16 

1.22 

123 

1  .1? 

1  .24 

125 

0.02 

1  .24 

95 

94 

1  .26 

Deep  River 

46.10 

282.50 

1.13 

1.19 

170 

1  .25 

1 .32 

150 

0.13 

1  .32 

80 

85 

1 .45 

Dourbes 

50.10 

4  .60 

3.42 

3  .44 

298 

3.57 

3.60 

294 

0.16 

3.60 

208 

215 

3.76 

Dukhan 

43.10 

289.16 

1.67 

1 .69 

197 

1.84 

1.86 

179 

0.17 

1  .86 

93 

103 

2.03 

F  ukush ima 

37.75 

140.48 

11  .36 

11.38 

104 

11  .45 

11  .4? 

100 

0  .09 

11  .47 

40 

38 

11  .56 

1 rkutsk 

52.47 

104  .03 

3.92 

3.95 

34 

3.95 

3.98 

42 

0.03 

3.08 

359 

5 

4  .01 

Oungf  raujoch 

46.55 

7  ..98 

4  .81 

4  .82 

300 

4  .91 

4  .94 

289 

0.12 

4  .94 

222 

220 

5.06 

Kerguelen  Is. 

-49.35 

70.22 

1.24 

1 .31 

299 

1.15 

1.31 

315 

0.00 

1.31 

299 

31S 

1  .31 

Kiel 

54.33 

10.13 

2.39 

2.50 

298 

2.59 

2.61 

30? 

0.11 

2.61 

224 

215 

2.72 

Kiev 

50.72 

30.30 

3.74 

3.77 

335 

3.79 

3.80 

332 

0.03 

3.80 

290 

289 

3.83 

Leeds 

53.82 

358.45 

2.26 

2.35 

265 

2.41 

2.48 

26/ 

0.13 

2.48 

191 

204 

2.61 

Lomnlcky  Sttt 

49.20 

20.22 

4.21 

4.24 

314 

4.28 

4.31 

329 

0.07 

4.31 

256 

257 

4  .38 

Magadan 

60.11 

151.01 

2.22 

2.33 

52 

2.34 

2.36 

45 

0.03 

2 .36 

9 

6 

2.39 

Morioka 

39.70 

141.13 

10.47 

10.51 

122 

10.61 

10.63 

109 

0.12 

10.63 

35 

32 

10.75 

Moscow 

55.47 

37  .32 

2.60 

2.61 

320 

2.50 

2.62 

3!3 

0.01 

2.62 

302 

297 

2.63 

Ht .  Norlkura 

36.12 

137.56 

12.02 

12.04 

09 

12.09 

12.11 

107, 

0.07 

12.11 

45 

46 

12 .18 

Mt .  Washington 

44.30 

288.70 

1 .41 

1  .50 

165 

1 .55 

1  .66 

214 

0.16 

1  .66 

89 

96 

1  .8  2 

Hussala 

42.18 

25.58 

6.50 

6.51 

346 

6.56 

6.57 

34  3 

0.06 

6.57 

281 

280 

6.63 

Pic  du  Midi 

42.93 

0.25 

5.58 

5.61 

294 

5.80 

5.81 

306' 

0.20 

5.81 

204 

209 

6.01 

Predi gtstuhl 

47.70 

12.88 

4.59 

4  .60 

309 

4.68 

4.70 

299. 

0.10 

4.70 

235 

232 

4.80 

Rome 

41  .90 

12.52 

6.35 

6.3? 

318 

6.50 

6.54 

324 

0.17 

6  .54 

235 

236 

6.71 

Tokyo-ltabasht 

35.75 

139.72 

12.12 

12.13 

115 

12.19 

12  .21 

99 

0.08 

12  .21 

45 

41 

12.29 

Yakutsk 

62.02 

129.72 

1  .74 

1  .85 

22 

1  .78 

1  .87 

32. 

0.02 

1  .87 

352 

356 

1  .89 

Zugspi tze 

47.42 

10.98 

4.62 

4  .64 

314 

4.72 

4.75 

298 

0.11 

4.75 

230 

227 

4.06 

79 
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A  useful  relationship  employing  the  Mcllwain  L-parameter  to 
estimate  vertical  cutoff  rigidities  has  been  derived  for  the 
twenty- five  year  period  1955-1980. 

1.  Introduction.  It  is  intuitively  pleasing  to  utilize  the  dipolar 
geometry  inherent  in  the  Mcllwain  L-parameter  to  order  cosmic  ray  cutoff 
rigidities.  However,  in  some  areas  of  the  world,  secular  changes  in  the 
geomagnetic  field  between  1955  and  1980  have  been  large  enough  to  produce 
significant  differences  in  both  the  vertical  cutoff  rigidities  and  in 
the  L-value  for  a  specified  position.  In  this  paper  we  show  that  these 
changes  are  complimentary,  and  it  is  possible  to  derive  a  relationship 
between  the  L-value  and  vertical  cutoff  rigidity  that  can  be  used  for  the 
twenty-five  year  period,  1955-1980. 

2.  Background.  .The  trajectory-tracing  process  is  generally  recognized 
as  the  most  accurate  method  for  calculating  cosmic  ray  cutoff  rigidities. 
Since  cutoff  rigidities  are  a  function  of  latitude,  longitude,  altitude, 
zenith  angle,  azimuthal  angle,  and  field  model,  using  the  trajectory¬ 
tracing  method  for  a  large  number  of  positions  and  directions  is  imprac¬ 
tical.  For  this  reason,  cosmic  radiation  data  from  many  experiments  are 
often  ordered  by  the  cutoff  rigidity  values  in  the  vertical  direction. 

One  method  of  estimating  vertical  cutoff  rigitities  was  suggested  by 
Smart  and  Shea  (1967)  who  derived  three  equations  for  the  relationship  be¬ 
tween  the  Mcllwain  L-parameter  (Mcllwain,  1961)  and  (1)  the  upper  calcu¬ 
lated  cutoff,  (2)  the  lower  calculated  cutoff  and  (3)  the  effective  cutoff 
rigidities.*  These  three  equations  were  derived  using  cutoff  rigidities 
calculated  for  the  Finch  and  Leaton  (1957)  field  for  Epoch  1955.0  and  the 
Jensen  and  Cain  (1962)  field  for  Epoch  1960.  The  equations  thus  derived 
for  the  upper  calculated  cutoff,  the  lower  calculated  cutoff  and  the  ef¬ 
fective  cutoff  rigidities  were  essentially  the  same  for  both  field  models. 

At  the  time  of  this  original  work,  cosmic  ray  physicists  did  not  rec¬ 
ognize  that  the  secular  changes  in  the  geomagnetic  field  were  sufficiently 
large  over  a  relatively  small  time  period  (on  the  order  of  25  years)  to 
significantly  affect  the  detection,  at  the  surface  of  the  earth,  of  galac¬ 
tic  cosmic  radiation  above  1  GV.  It  was  not  until  S.hea  (1971)  suggested 

In  the  paper  orDmart  and  Shea  (1967),  these  rigidity  values  were  called 
main  cone  cutoff,  Stormer  cone  cutoff  and  effective  cutoff,  respectively. 
Since  new  terminology  for  cosmic  ray  cutoffs  has  been  agreed  upon  by 
scientists  working  in  this  area  (Cooke  et  al.,  1985)  we  will  use  these 
newer  terms  throughout  this  paper. 
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that  the  decrease  in  vertical  cutoff  rigidity  at  Huancayo  over  a  20-year 
period  might  possibly  be  observed  as  an  increase  in  the  background  radi¬ 
ation  measured  by  a  stable  neutron  monitor  at  this  location  (since  veri¬ 
fied  by  Cooper  and  Simpson,  1979),  that  it  became  apparent  that  the  secu¬ 
lar  changes  in  the  geomagnetic  field  might  be  sufficiently  large  in  some 
areas  of  the  world  tnat  changes  in  cutoff  rigidities,  and  consequently 
measured  changes  in  cosmic  radiation,  would  occur. 

In  view  of  the  changes  in  the  main  geomagnetic  field  and  the  rela¬ 
ted  changes  in  the  calculated  cutoff  rigidities,  we  feel  it  is  necessary 
to  re-examine  the  use  of  the  Mcllwain  l-parameter  to  estimate  cosmic 
ray  vertical  cutoff  rigidities  for  the  25-year  period  1955-1980. 

3.  Method.  The  world  grid  of  vertical  cutoff  rigidities  calculated 
each  5a  in  latitude  and  15°  in  longitude  for  Epochs  1955,  1965  and  1980 
(Shea  et  al.,  1968;  Shea  and  Smart,  1975,  1983)  and  the  Mcllwain 
L-values  (Mcllwain,  1961)  calculated  for  these  same  locations  comprised 
the  basic  data  sets  used  for  this  analysis.  All  calculations  were  made 
for  an  altitude  of  20  km  above  the  surface  of  the  earth  as  defined  by  the 
international  reference  ellipsoid.  Both  the  vertical  cutoff  rigidities 
and  the  Mcllwain  L-values  were  calculated  using  the  geomagnetic  field 
coefficients  for  the  appropriate  Epoch  (i.e.,  1955,  1965  and  1980). 

Expressing  the  cosmic  ray  cutoffs  by  an  equation  of  the  form  R  =  KL t 
where  R  is  the  cutoff  rigidity,  L  is  the  Mcllwain  L-value,  K  is  a  con¬ 
stant  and  y  is  an  exponent,  K  and  y  were  evaluated  by  a  1  east- squares 
fit  of  the  (1)  upper  calculated  cutoff  rigidity,  (2)  effective  cutoff 
rigidity  and  (3)  lower  calculated  cutoff  rigidity.  Each  of  the  equations 
derived  for  each  Epoch,  together  with  the  RMS  error  for  each  set  of  cal¬ 
culations,  is  given  in  Table  1.  It  is  important  to  note  that  vertical 
cutoff  rigidities  <  0.20  GV  were  omitted  from  these  calculations.  Since 
the  cosmic  ray  equator  and  the  equator  defined  by  the  minimum  L-value  do 
not  coincide,  all  grid  points  within  a  band  ±5  degrees  of  either  equa¬ 
tor  (or  between  the  two  equators)  were  also  omitted.  Figure  1  illus¬ 
trates  the  locations  of  each  of  these  equators  for  Epoch"l980. 


Table  1 . 


Equations  to  estimate  cutoff  rigid ities  for  various  Epochs 

RL  = 

14  .992  L~  1  -99e6 
RMS  =  6.61  % 

14  .942  L-  2  *  029fe 
RMS  =  6.98  % 

14.823  L'2-0311 
RMS  =  7.27  % 


Epoch 

Ry  = 

Rc  = 

1955 

16.727  L-2*00^ 
RMS  =  6.28  % 

16.192  L-2-0177 
RMS  =  5.48  % 

1965 

16.722  L-2-0212 
RMS  =  6.70  % 

16.222  L-2-0918 
RMS  =  5.52  % 

1980 

16.717  L-2*0206 
RMS  =  7.06  % 

16.222  L-2-0^1 
RMS  =  5.74  % 

Composite 

1955-1980 

16  .762  L-2*0171' 
RMS  =  6.67  % 

16.237  L-2*0353 
RMS  -  5.64  % 

14.912  L'2-0165 
RMS  =  7.19  % 


Al 


4.  Discussion.  From  an  inspection 
of  the  equations  in  Table  1  it  is 
evident  that  the  constants  K  and  y 
for  each  of  the  three  vertical  cut¬ 
off  rigidities  are  essentially  inde¬ 
pendent  of  Epoch.  The  root  mean 
square  values  are  also  similar,  with 
the  slightly  larger  RMS  values  for 
1980  attributed  to  the  evolution  of 
the  magnetic  field  and  an  increasing 
divergence  between  the  cosmic  ray 
equator  and  the  minimum  L  equator. 
The  area  between  these  two  equators 
has  increased  approximately  10  per¬ 
cent  between  1955  and  1980. 

Since  these  equations  were  al¬ 
most  identical  we  combined  the  data 
for  all  three  Epochs  in  an  effort 
to  determine  a  suitable  equation  for 
the  upper  calculated  cutoff,  the  ef¬ 
fective  cutoff  and  the  lower  calcu¬ 
lated  cutoff  for  the  entire  25-year 
period  from  1955  to  1980.  Again  all 


0.20  GV  were  omitted  from  the  analysis.  Since  the  location  of  the 


cosmic  ray  equator  changed  between  1955  and  1980  (Shea  et  al.,  1983), 
and  different  equatorial  grid  locations  had  been  removed  for  each 
Epoch,  we  removed  all  locations  within  £5°  of  any  of  the  three  equa¬ 
tors  (i.e.,  if  a  particular  location  had  been  removed  for  the  analysis 
for  one  Epoch,  it  was  removed  from  all  three  data  sets  for  the  composite 
analysis).  Again  the  constants  K  and  y  were  determined  by  the  method 
of  least  squares.  The  results  for  this  composite  set  of  over  1875  data 


L  VRLUE 

Figure  2.  The  upper  calculated  vertical  cutoff  rigidity  (Rn),  effective 
vertical  cutoff  rigidity  (Rq),  and  lower  calculated  vertical  cutoff 
rigidity  (R^).  plotted  as  a  function  of  the  Mcllwain  L-value.  The  data 
set  Is  a  composite  of  the  world  grid  locations  for  1955,  1965  and  1980. 
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points  are  graphically  illus¬ 
trated  in  Figure  2;  the  equations 
are  given  in  the  bottom  line  of 
Table  1.  From  these  results  we 
feel  that  it  is  possible  to  use 
these  three  equations  to  estimate 
the  upper,  effective  and  lower 
cutoff  rigidities  for  the  entire 
period  1955  to  1980  provided  the 
L-values  are  calculated  using  the 
field  model  for  the  same  time  pe¬ 
riod  that  the  cutoffs  are  needed. 


Figure  3  illustrates  the  ac¬ 
curacy  that  can  be  expected  for 
an  estimate  of  the  effective  ver¬ 
tical  cutoff  rigidity  as  a  function  estimated  vertical 

of  rigidity.  These  data  were  ob-  cutoff  rigidity, 

tained  by  calculating  for  each  lo¬ 
cation  the  percentage  difference  (in  rigidity)  between  the  cutoff 
rigidity  value  determined  by  the  trajectory-traci ng  procedure  and  the 
value  estimated  by  using  the  L-value  approximation  equation.  These 
individual  percentages  were  then  averaged  as  a  function  of  intervals  of 
estimated  cutoff  rigidity. 

5.  Conclusion.  From  this  analysis  we  conclude  that  the  Mcllwain 
l-parameter  can  be  used  to  estimate  upper  calculated,  effective,  and 
lower  calculated  vertical  cutoff  rigidities  for  the  period  1955  to  1980. 
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ABSTRACT 

The  location  of  the  cosmic  ray  equator  has  been  determined 
by  the  trajectory-tracing  technique  using  the  new  International 
Geomagnetic  Reference  Field  for  1980.0.  Vertical  cutoff  rigidi¬ 
ties  were  calculated  for  an  altitude  of  20  km  at  intervals  of  one 
degree  in  latitude  and  5  degrees  in  longitude  in  the  equatorial 
region.  The  location  of  the  cosmic  ray  equator  was  determined 
by  a  least  squares  fit  to  the  calculated  vertical  cutoff  rigidi¬ 
ties.  In  comparing  these  results  with  the  cosmic  ray  equators 
calculated  using  geomagnetic  field  models  for  1955  and  1965  we 
find  a  steady  and  consistent  northerly  shift  in  latitude  of  the 
cosmic  ray  equator  between  longitudes  265°  E  and  10°  E  with  a 
maxinxjm  change  of  ~  4°  in  latitude  for  geographic  longitudes 
between  310°  E  and  325°  E.  Vertical  cutoff  rigidities  along 
the  cosmic  ray  equator  have  decreased  between  1955  and  1980  for 
longitudes  between  45°  E  and  325°  E  with  a  maximum  decrease  of 
~0.5  GV  between  260°  E  and  285°  E.  Slight  increases  (<  0.07  GVl 
occurred  elsewhere. 

1.  Background 

The  location  of  the  cosmic  ray  equator  has  been  experimentally  de¬ 
termined  at  a  number  of  different  longitudes  and  by  a  variety  of  experi¬ 
ments  since  1936.  The  usual  procedure  was  to  measure  the  cosmic  ray 
intensity  as  a  function  of  latitude  while  t£ie  equipment  was  transported, 
usually  on  board  ship  or  aircraft,  from  one  hemisphere  to  the  other.  The 
latitude  of  the  minimum  in  cosmic  ray  intensity  determined  the  location 
of  the  cosmic  ray  equator  at  whatever  longitude  the  crossing  was  made. 

When  it  became  practical  to  calculate  vertical  cutoff  rigidities  by 
the  trajectory-tracing  technique  (Shea  et  al.,  1965),  it  also  became  fea¬ 
sible  to  locate  the  maximum  in  the  vertical  cutoff  rigidity  as  a  function 
of  longitude  thereby  determining  the  location  of  the  cosmic  ray  equator 
by  theoretical  methods.  A  comparison  of  the  theoretically  determined 
equator  with  the  experimentally  measured  cosmic  ray  equator  was  first 
made  by  Shea  et  al.  (1964)  when  the  theoretical  equator  at  190°E  longi¬ 
tude  was  compared  with  a  large  number  of  experimental  measurements  made 
in  that  region  of  the  world.  Later  Shea  (1969)  compared  the  location  of 
the  theoretical  equator  with  experiments  made  at  32  longitudes  over  a 
period  of  30  years.  These  conparisons  were  made  using  theoretically 
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determined  cosmic  ray  equators  for  Epoch  1955.0  and  Epoch  1960.0.  At 
that  time  It  was  concluded  that  although  differences  were  found  between 
the  equators  determined  for  the  two  epochs,  the  calculated  effects  of 
the  secular  variation  were  too  small  to  satisfactorily  explain  the  de¬ 
viations  of  the  experimental  ly  determined  cosmic  ray  equator  from  the 
theoretical ly  derived  equator. 

Using  latitude  survey  data  acquired  by  a  shipboard  r>eutron  monitor 
along  the  346°  meridian  in  1956-59  and  1964,  Sporre  and  Pomerantz  (1969) 
found  that  the  location  of  the  cosmic  ray  equator  had  shifted  ~  1.5° 
northward  between  the  time  periods  of  the  two  sets  of  measurements.  Shea 
and  Smart  (1975)  determined  the  theoretical  cosmic  ray  equator  for  Epochs 
1965.0  and  1975.0  and,  in  corparing  these  results  with  the  equator  loca¬ 
tion  calculated  using  the  Epoch  1955.0  geomagnetic  field  coefficients, 
concluded  that  the  location  of  the  cosmic  ray  equator  had  indeed  shifted 
northward  in  the  longitude  range  280°  to  350°E  and  compared  favorably 
with  the  experimental  results  of  Sporre  and  Pomerantz.  In  this  paper  we 
determine  the  location  of  the  cosmic  ray  equator  using  the  IGPF  Epoch 
1930.0  geomagnetic  field  coefficients  (Peddle,  1982)  to  ascertain  if  this 
northward  shift  in  the  location  of  the  cosmic  ray  equator  is  still 
present . 

2.  Method 

Using  the  trajectory-trac ing  technique  and  the  method  described  by 
Shea  et  al.  (1965)  vertical  cutoff  rigidities  were  calculated  at  inter¬ 
vals  of  1°  in  latitude  and  5°  in  longitude  in  the  region  of  the  cosmic 
ray  equator.  These  calculations  were  node  for  approximately  10  discrete 
latitudes  at  each  longitude  centered  around  the  location  of  the  equator 
determined  for  1975.0.  Since  these  calculations  were  In  the  equatorial 
region  it  was  not  necessary  to  correct  for  the  cosmic  ray  penumbra.  The 
location  of  the  cosmic  ray  equator  was  determined  by  a  least  squares  fit 
to  the  vertical  cutoff  rigidities  along  each  longitudinal  meridian. 

3.  Results  and  Discussion 

The  latitude  of  the  cosmic  ray  equator,  for  each  5°  longitudinal 
meridian  is  given  in  Table  1.  The  latitude  is  given  to  the  nearest  0.1 
degree  as  determined  from  a  least  squares  fit  to  the  data.  The  corres¬ 
ponding  vertical  cutoff  rigidity  for  this  latitude  was  also  determined 
from  the  least  squares  fit. 

This  location  of  the  cosmic  ray  equator  for  Epoch  1980.0  was  then 
compared  with  the  location  of  the  cosmic  ray  equator  determined  for  Epoch 
1955.0.  For  this  comparison,  the  latitude  of  the  cosmic  ray  equator  for 
Epoch  1955.0  was  determined  in  exactly  the  sanfc  manner  using  the  vertical 
cutoff  rigidity  calculations  as  given  by  Shea  et  al.  (1974)  for  approxi¬ 
mately  10  discrete  latitudes  roughly  centered  about  the  equator.  The 
location  of  each  of  these  cosmic  ray  equators  Is  shorn  In  Figure  1. 

As  can  be  seen  from  Figure  1,  the  location  of  the  cosmic  ray  equator 
for  Epoch  1980.0  has  shifted  northward  by  a  significant  amount  (l.e.  more 
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Figure  1.  The  location  of  the  cosmic  ray  equator  as  calculated  for  Epoch 
1955.0  (dots)  and  Epoch  1980.0  (solid  line). 


Table  1. 

The  Geographic  latitude  of  the  Location  of  the 
Cosmic  Ray  Equator  each  5°  in  Longitude  as  Calculated  for  Epoch  1980.0 


Gf 

:og. 

RC 

GE 

:og. 

Rc 

GE0G. 

RC 

GE 

OG. 

RC 

LON 

LAT 

Ml 

LON 

LAT 

(GV) 

LON  LAT 

(GV) 

LON 

LAT 

Ml 

0 

11.6 

14.71 

90 

9.6 

17.57 

180  .7 

15.53 

270 

-7.7 

13.39 

5 

1  1.6 

14.88 

95 

9.6 

17.59 

185  -.0 

15.44 

275 

-7.9 

13.24 

10 

11.5 

15.04 

100 

9.4 

17.56 

190  -.6 

15.35 

280 

-7.6 

13.10 

15 

11.4 

15.20 

105 

9.3 

17.51 

195  -1.0 

15.25 

285 

-7.0 

13.01 

20 

11.3 

15.36 

no 

9.1 

17.42 

200  -1.4 

15.15 

290 

-6.0 

12.95 

25 

11.2 

15.52 

115 

8.9 

17.30 

205  -1.8 

15.06 

295 

-4.5 

12.95 

30 

11.0 

15.67 

120 

8.8 

17.16 

210  -2.0 

14.96 

300 

-2.9 

13.00 

35 

10.8 

15.83 

125 

8.5 

17.00 

215  -2.4 

14.85 

305 

-1.0 

13.09 

40 

10.6 

15.99 

130 

8.2 

16.83 

220  -2.7 

14.75 

310 

.9 

13.21 

45 

10.3 

16.17 

135 

7.8 

16.65 

225  -3.0 

14.64 

315 

2.8 

13.35 

50 

10.1 

16.36 

140 

7.3 

16.48 

230  -3.4 

14.52 

320 

4.7 

13.50 

55 

9.9 

16.55 

145 

6.6 

16.31 

235  -3.8 

14.41 

325 

6.6 

13.65 

60 

9.8 

16.75 

150 

5.8 

16.15 

240  -4.3 

14.28 

330 

7.8 

13.80 

65 

9.7 

16.95 

155 

5.0 

16.01 

245  -4.8 

14.15 

335 

9.2 

13.95 

70 

9.8 

17.13 

160 

4.1 

15.89 

250  -  5.5 

14.02 

340 

10.0 

14.10 

75 

9.8 

17.29 

165 

3.2 

15.79 

255  -6.1 

13.87 

345 

10.7 

14.25 

80 

9.7 

17.42 

170 

2.3 

15.70 

260  -6.7 

13.71 

350 

11.2 

14.40 

85 

9.7 

17.52 

175 

1.5 

15.61 

265  -7.3 

13.55 

355 

1  1.4 

14.66 

4 
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than  1®  in  latitude)  between  longitudes  280°E  to  360*E.  The  maximum 
shift  of  slightly  more  than  4®  in  latitude  is  found  between  longitudes 
310°E  and  325®E.  This  northward  shift  is  consistent  with  the  equatorial 
positions  calculated  using  Epoch  1965.0  and  1975.0  and  represents  a 
maximum  shift  of  approximately  0.16°  per  year  -  clearly  measurable  by 
latitude  surveys  conducted  over  an  interval  of  several  years.  All  other 
differences  in  the  location  of  the  cosmic  ray  equator  are  less  than  1°  in 
latitude,  and  would  not  likely  be  measurable  by  latitude  surveys. 

In  addition  to  changes  in  the  location  of  the  cosmic  ray  equator, 
the  vertical  cutoff  rigidity  along  the  equator  has  also  changed.  Minor 
increases,  less  than  0.07  GV,  were  calculated  between  longitudes  330°E 
and  35°E.  Significant  decreases  in  the  vertical  cutoff  rigidity  (i.e. 
changes  more  than  0.2  GV)  were  calculated  between  longitudes  160°E 
and  305°E  with  a  maxi'mm  decrease  of  0.51  GV  at  275°E.  These  decreases 
are  consistent  with  the  decreases  noted  in  the  world  grid  of  vertical 
cutoff  rigidities  for  Epoch  1980.0  (Shea  and  Smart,  1983). 

4.  Conclusions 

The  location  of  the  cosmic  ray  equator,  as  determined  by  the 
trajectory-trac ing  method,  has  consistently  shifted  in  a  northerly  direc¬ 
tion  for  the  past  25  years  between  longitudes  280°E  to  360°E,  with  a 
maximum  shift  of  -0.16°  per  year.  This  change  in  equatorial  location 
should  be  measurable  by  latitude  surveys  conducted  in  this  longitudinal 
regi on. 
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ABSTRACT 

Using  the  trajectory-tracing  technique  and  the  new  1980.0 
geomagnetic  field  model,  vertical  cutoff  rigidities  have  been 
calculated  for  98  cosmic  ray  stations  and  these  values  are 
compared  with  those  calculated  using  earlier  Epochs  of  the 
geomagnetic  field.  In  general  there  are  significant  decreases 
in  vertical  cutoff  rigidities  in  the  Mexico,  Central  American 
and  South  American  areas;  significant  increases  are  noted  In 
Japan.  Some  of  these  changes  are  of  such  magnitude  as  to  be 
measurable  over  a  period  of  several  years. 

1.  Introduction 

Using  the  trajectory-tracing  method  and  the  International  Geomagnetic 
Reference  Field  model  for  Epoch  1980.0  (Peddie,  1982),  vertical  cutoff 
rigidities  for  98  locations  have  been  calculated.  These  locations, 
indicated  by  dots  in  Figure  1,  include  all  cosmic  ray  stations  believed 
to  be  presently  operating  as  well  as  some  locations  from  which  cosmic 
ray  balloon  experiments  are  launched.  In  addition  sone  locations  where 
cosmic  ray  equipment  previously  operated  are  included. 


Figure  1.  World  nap  illustrating  cosmic  ray  station  locations  (dots) 
for  which  vertical  cutoff  rigidities  have  been  calculated  using  the  I GRF 
1980.0  geomagnetic  field  coefficients. 
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2.  Method 


Fig.  2.  Vertical  cutoff 
rigidities  for  three 
locations  for  various 
Epochs.  The  change  in 
cutoff  rigidity  (in  GV) 
is  indicated  by  the 
brackets. 


The  trajectory-tracing  technique 
was  used  to  calculate  the  effective 
vertical  cutoff  rigidity  for  each  of 
these  locations.  All  calculations 
were  made  for  an  altitude  of  20  km; 
the  technique  and  procedure  for  de¬ 
termining  the  effective  vertical  cut¬ 
off  rigidity  are  summarized  by  Shea 
and  Smart  (1983).  The  only  signifi¬ 
cant  difference  between  the  method 
used  for  these  calculations  and  the 
rethod  used  for  previous  calculations 
is  that  we  have  specified  the  “verti¬ 
cal*  direction  as  a  geodetic  vertical 
rather  than  along  a  geocentric  radial 
direction.  This  results  in  a  maximum 
difference  of  ~0.2  degrees  between 
the  geodetic  vertical  direction  and  a 
geocentric  radial  direction,  with  the 
maximum  at  mi d- 1  at i tude  locations. 

3.  Results 


.  WoAwCAVTj 


r  « 


Fig.  3.  Vertical  cutoff 
rigidities  for  selected 
locations  for  various 
Epochs. 


The  effective  vertical  cutoff 
rigidity  values  calculated  for  the  98 
cosmic  ray  station  locations  are  giv¬ 
en  in  Table  1.  In  comparing  these 
results  with  those  calculated  for 
previous  Epochs  (Shea  et  a  1  ,  1976) 
we  find  that  in  general  the  vertical 
cutoff  rigidities  are  decreasing  in 
Latin  and  South  America,  in  Southern 
Africa  and  in  India;  increases  are 
noted  in  Europe  and  Japan. 

4.  Discussion 

The  major  changes  over  the  past 
25  years  are  attributed  to  changes  in 
the  geomagnetic  field  itself.  Some 
.of  the  major  changes  over  this  tine 
period  are  illustrated  in  Figure  2 
showing  decreasing  vertical  cutoff 
rigidity  at  S'uancayo  and  Mexico  City 
and  increasing  vertical  cutoff  rigid¬ 
ity  at  Ht.  Norikura.  To  put  these 
changes  in  their  proper  perspective. 
Figure  3  illustrates  the  vertical 
cutoff  rigidity  changes  at  these 
three  stations  as  well  as  at  selected 
locations  in  other  parts  of  the  world. 
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TABLE  1.  VUTICAL  COT OF f  K1CIDITIES  FO*  SELECTED  COSMIC  RaT  STATIONS  (EPOCH  1980.0) 
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The  discontinuity  noticeable  for  some  stations  at  1975  is  a  result 
of  an  undercorrection  of  the  projected  secular  drift  assigned  to  the 
original  IGRF  Epoch  1965-0  coefficients.  Magnetic  field  data  obtained  in 
the  last  decade  have  shewn  that  the  observed  secular  changes  in  the  geo¬ 
magnetic  field  were,  in  general,  larger  in  the  forward  direction  than 
those  predicted  using  the  initial  IGRF  time  derivatives  in  1965. 

Although  the  absolute  accuracy  of  the  1975  vertical  cutoff  rigidities 
nay  be  suspect,  the  general  trend  of  the  rigidity  values  is  real.  At  the 
12th  1CRC  Shea  (1971)  suggested  that  large  decreases  in  the  vertical 
cutoff  rigidity  for  stations  such  as  Huancayo  should  be  measurable  from 
neutron  monitor  measurements  provided  that  the  monitor  itself  was  stable 
over  an  extended  period  and  provided  that  the  modulated  cosmic  ray  inten¬ 
sity  returned  to  the  same  value  (such  as  similar  solar  miniman  condi¬ 
tions).  Cooper  and  Simpson  (1979)  later  found  it  was  necessary  to  cor¬ 
rect  the  Huancayo  long  term  neutron  monitor  data  for  vertical  cutoff 
rigidity  changes  in  their  analysis  of  the  magnetic  rigidity  dependence 
due  to  the  -11-year  large  scale  solar  modulation. 

Using  the  vertical  cutoff  rigidity  values  calculated  for  Epoch  1980 
and  those  calculated  for  Epoch  19S5,  we  find  that  the  counting  , ate  of  a 
neutron  monitor  at  Huancayo  should  have  increased  by  1.9%  and  the  counting 
rate  of  a  neutron  monitor  at  Mt.  Norikura  should  have  decreased  by  1.1% 
over  this  25-year  period  assaning  that  the  galactic  cosmic  ray  intensity 
returns  to  similar  levels  over  the  time-  interval. 

5.  Conclusions 

Vertical  cutoff  rigidities  for  cosmic  ray  stations  using  the  Inter¬ 
national  Geomagnetic  Reference  Field  for  Epoch  1980  have  been  determined 
by  the  t ra jec tory- t rac i ng  method.  Significant  changes  between  the  ver¬ 
tical  cutoff  rigidities  calculated  using  Epoch  1975  field  coefficients 
and  those  calculated  using  Epoch  1930  field  coefficients  have  been  found 
for  some  locations.  Specifically,  decreases  in  vertical  cutoff  rigidities 
were  calculated  for  Central  and  South  America,  South  Africa  and  India; 
increases  were  calculated  in  Europe  and  Japan.  However,  long  term  changes, 
i.e.  those  between  1955  and  1980,  are  present,  and  these  changes  are  the 
direct  result  of  secular  changes  in  the  geomagnetic  field.  If  stable 
neutron  monitors  were  located  at  places  where  there  are  significant 
changes  in  the  vertical  cutoff  rigidity,  such  as  at  Huancayo,  Mexico 
City  and  Mt.  Norikura,  they  should  detect  a  change  in  long  term  counting 
rate  as  a  direct  consequence  of  the  change  in  vertical  cutoff  rigidity. 
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On  the  Correlation  Between  Asymptotic  Directions  of  Cosmic  Ray  Particles 
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The  concept  of  geomagnetic  optics,  as  described  by  the  asymptotic  directions  of  approach,  is  extremely 
useful  in  the  analysis  of  cosmic  radiation  data.  However,  when  changes  in  cutolT  rigidities  occur  as  a 
result  of  evolution  in  the  geomagnetic  field,  there  arc  corresponding  changes  in  the  asymptotic  cones  of 
acceptance.  It  has  been  demonstrated  lh3t  the  cfTect  of  geomagnetic  disturbances  on  asymptotic  direc¬ 
tions  of  approach  can  be  estimated  for  nonpolar  locations  from  the  corresponding  change  in  the  cutoff 
rigidity.  In  this  paper  we  show  that  the  same  procedure  is  applicable  with  respect  to  the  secular  evolution 
tn  the  geomagnetic  field,  and  that  with  this  procedure  it  is  possible  to  adjust  reference  publisited 
asymptolir  directions  to  other  epochs  if  the  change  in  cutoff  rigidity  is  known 


I.  Introduction 

Cosmic  ray  particles  reaching  a  location  on  or  near  the 
earth  travel  along  specific  allowed  trajectories  through  the 
geomagnetic  field.  In  order  to  relate  cosmic  ray  intensity  vari- 
alions  observed  by  the  worldwide  network  of  cosmic  ray  sta¬ 
tions  io  the  cosmic  ray  flux  in  space  the  concept  of  asymptotic 
directions  of  approach  was  developed  (see  McCracken  et  of 
[1968]  for  a  review).  Using  the  asymptotic  directions  of  ap¬ 
proach  one  can  relate  any  specific  cosmic  ray  panicle  arrival 
dircciiot.  with  a  unique  direction  in  space.  For  a  cosmic  ray 
particle  with  rigidity  R,  arriving  at  a  specific  location 
(characterized  by  the  geographic  latitude,  A.  and  the  geo¬ 
graphic  longitude.  <I>)  from  a  direction  of  incidence  (described 
by  the  zenith  angle  0  and  the  azimuthal  angle  <f> )  the  asymp¬ 
totic  direction  of  approach  is  given  by  the  unit  vector  A(R,  A, 
<b.  0.  <t>)  pointing  in  the  reverse  direction  to  the  particle's  veloc¬ 
ity  vector  prior  to  the  particle's  entry  into  the  geomagnetic 
field.  The  vector  A  is  specified  in  the  geocentric  coordinate 
system  as  asymptotic  latitude.  <1  (R).  and  asymptotic  longitude, 
tf>  (R).  Only  vertical  arrival  directions  arc  considered  here. 

The  rigidity  spectrum  of  cosmic  ray  particles  arriving  from 
a  specific  direction  at  any  location  in  the  geomagnetic  field 
contains  distinct  fiducial  marks.  The  exact  rigidity  values  of 
these  fiducial  marks  are  in  general  determined  by  the  arduous 
and  computer  intensive  process  of  numerical  simulation  of 
cosmic  ray  trajectories.  In  this  paper  we  refer  to  R,  as  the 
rigidity  associated  with  the  first  discontinuity  in  asymptotic 
direction  occurring  when  progressively  lower  rigidities  arc 
considered.  The  value  of  R,  is  always  greater  than  or  equal  to 
the  lowest  rigidity  at  and  above  which  all  trajectory  calcula¬ 
tions  yield  allowed  orbits.  (For  a  detailed  definition  see,  for 
example.  Cooke  et  of.  [19853  )  The  significance  of  R,  is  that 
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Ihc  cosmic  ray  trajectories  corresponding  to  rigidilies  larger 
than  R,  have  a  similar  structure  that  facilitates  comparisons 
between  different  configurations  of  the  geomagnetic  field 

Fliickitjer  ct  til.  [I983u.  h.  1986]  have  shown  that  geomag¬ 
netic  disturbances  affect  the  cutoff  rigidities  in  a  predictable 
manner  dependent  on  the  strength  and  longitudinal  structure 
of  the  magnetic  perturbation  and  on  the  longitudinal  differ 
cnce  between  the  magnetic  perturbation  and  the  observing 
location  Furthermore,  the  changes  in  asymptotic  latitude  and 
longitude  (down  to  the  first  discontinuity)  also  behave  in  a 
similarly  predictable  manner.  Therefore  the  asymplolic  direc 
lions  of  approach  during  perturbed  geomagnetic  conditions 
can  be  deduced  with  considerable  accuracy  from  the  asymp¬ 
totic  directions  computed  using  the  quiescent  geomagnetic 
field  if  the  associated  change  in  cutoff  rigidity  is  known. 

For  secular  changes  in  the  geomagnetic  field  it  is  possible  to 
estimate  the  changes  in  cutoff  rigidity  from  parameters  that 
are  more  easily  computed  than  cutoff  rigidities,  such  as  the  L 
parameter  [Mcllsaain,  1961].  Smart  and  Shea  [1967]  showed 
that  this  parameter  is  well-correlated  with  the  cutoff  rigidity 
and  Shea  el  al.  [1985]  demonstrated  that  the  change  in  the  L 
parameter  is  closely  associated  with  the  change  in  the  geomag¬ 
netic  cutoff.  In  this  paper  we  show  that  the  concept  of  deduc¬ 
ing  the  asymptotic  directions  from  a  known  reference  set  can 
also  be  applied  to  changes  resulting  from  the  secular  evolution 
of  the  geomagnetic  field 

2.  General  Concept 

In  order  to  describe  changes  in  the  asymptotic  directions  we 
have  defined  the  terms  Aa*(R)  =■  2(R)  —  J.(R  —  AR,)  and 

At|r*(R)  =  tp'(R)  -  t HR  -  AR,) 

where  AR,  =  R,'  —  R,  represents  the  change  in  vertical  cutoff 
rigidity,  and  where  the  primed  values  refer  to  the  evolved  or 
perturbed  geomagnetic  field  and  the  unprimed  values  refer  to 
the  reference  geomagnetic  field.  For  geomagnetic  disturbances 
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TABLE  I.  Comparison  (According  to  Equation  (2))  of  Asymptotic  Longitudes  Calculated  for  Epochs  1965.0  and  1980.0 
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The  table  refers  to  cosmic  ray  particles  with  vertical  direction  of  incidence  and  includes  locations  where  the  absolute  change  in  geomagnetic  cutoff  rigidity,  |Art,|.  between  1965  and  1980  is  greater 
than  or  equal  to  0.1  GV.  For  details,  see  text. 
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Fliicklgcr  et  al.  [19836,  1986]  found  that  A/*  %  0*  for  low, 
middle  and  high  (but  not  polar)  latitudes.  For  At^*  only  small 
values  on  the  order  of  several  degrees  were  found  down  to 
rigidities  approaching  the  value  of  R,‘.  We  describe  the  corre¬ 
spondence  between  the  asymptotic  directions  in  any  evolved 
geomagnetic  held  and  the  asymptotic  directions  in  a  reference 
geomagnetic  field  by 

X'(R)  *»  ;.(K  -  AR,)  +  A X*(R)  (!) 

and 

t'(R)  *  4/(R  -  AR,)  +  Aip*(R)  (2) 

The  residuals  A X*(R)  and  Atpm{R)  are  discussed  in  the  next 
section.  It  turns  out  that  for  nonpolar  locations  and  for  rigid¬ 
ities  from  the  value  of  R,*  up  to  several  GV  above  this  value 
A/.*(R)  is  approximately  zero  and  that  Ai is.  in  general, 
on  the  order  of  a  few  degrees. 

At  rigidities  below  Rt*  no  similar  relations  have  been  found, 
although  coherent  clusters  of  trajectories  may  be  distorted 
uniformly  by  magnetic  changes.  It  has  been  shown  that  the 
main  features  of  allowed  and  forbidden  regions  in  the  penum¬ 
bra  arc  conserved  to  a  certain  extent  in  a  perturbed  geomag¬ 
netic  field  [Fhickiycr  et  al.,  1979;  Fliickujcr,  1982].  However, 
the  asymptotic  longitudes  of  the  allowed  trajectories  of  the 
fine  detailed  structure  in  the  cosmic  ray  penumbra  continue  to 
be  quasi-random. 


3.  Application 

We  have  compared  the  asymptotic  directions  for  cosmic  ray 
stations  and  world  grid  locations  calculated  by  the  trajectory- 
tracing  method  [ McCracken  et  al.,  1965]  for  the  International 
Geomagnetic  Reference  Field  epoch  19800  [Pedihe.  1982) 
with  those  calculated  for  epoch  1965  0  [I  AG  A  Commission  2. 
1969].  We  would  expect  a  close  correspondence  between  the 
asymptotic  directions  above  the  rigidity  of  the  first  disconti 
nuity  according  to  equations  (I)  and  (2)  In  Tabie  1  we  illus¬ 
trate  the  comparison  for  locations  where  the  absolute  change 
in  geomagnetic  cutolT  rigidity.  AR,.  between  I9f'.  .»nd  1980  is 
greater  than  or  equal  to  0.1  GV.  Referring  to  i-quatu  n  (2)  t he 
asymptotic  longitudes  in  this  table  are  given  for  the  rigidities 
R  =  R,  4-  SR  for  epoch  1965  0  and  for  R  -  R,  *  <5R  for 
epoch  1980.0,  with  SR  «  0  0.  0.1,  0  2.  0  5.  0  75  ;  nd  1  0  GV  An 
inspection  of  the  table  indicates  that  corresponding  asymp¬ 
totic  longitudes  for  the  specified  rigidity  values  are  quite  simi¬ 
lar.  The  differences  have  to  be  related  to  the  absolute  changes 
in  asymptotic  longitude  for  a  given  rigidity  which  at  many 
locations  are  more  than  100°  near  the  value  of  R,  (or  R,’  if 
R,->R,). 

Figure  I  shows,  as  a  function  of  SR,  the  arithmetic  mean  of 


Fig.  I. _ Mean  of  the  absolute  values  of  the  residuals  in  asymptotic 

latitude,  |AA*(£flM«  **  *  function  of  SR.  obtained  by  averaging  over  all 
locations  in  Table  I.  The  error  bars  represent  the  standard  deviation 
of  [Ai *{6Ry\  for  all  stations  in  Table  I. 
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Fig  2.  Mean  of  the  absolute  values  of  the  residuals  m  asymptotic 
longitude  |A^*(<$R)|.  as  a  function  of  SR.  obtained  by  averaging  over 
all  locations  in  Table  I.  The  error  hars  represent  the  standard  devi¬ 
ation  of  |AiA*(«5R)|  for  all  stations  in  Table  1 . 

the  absolute  values  of  the  residuals  in  asymptotic  latitude, 
|Aa*(<$R)|,  obtained  by  averaging 

|a;.#(<*R)|  =  |/(R,'  +  SR)  -  x(R,  +  SR)l 

for  each  value  of  SR  over  all  locations  in  Table  1  The  error 
bar:,  represent  the  standard  deviation  of  |A/*(i5R)[  for  all  sta¬ 
tions  in  Table  I  We  indeed  fmd  A2*  0rt  Figure  2  shows  the 
corresponding  results  for  asymptotic  longitude.  We  find  that 
for  the  secular  variations  of  the  geomagnetic  field  between 
1965  and  1980  the  average  absolute  value  of  the  residuals  Ai>* 
is  on  the  order  of  a  few  degrees,  a  value  which  can  be  neglect¬ 
ed  in  most  application*. 

For  a  few  particular  locations  (eg,  world  grid  4  5°N,  3 1  5^  E) 
the  residuals  in  asymptotic  longitude  are  larger  than  15°  for 
SR  0  I  GV  However,  in  an  analysis,  eg,  on  pitch  angle 
distributions  during  a  solar  particle  event,  this  could  have  an 
c'Tcct  only  when  the  cosmic  ray  data  from  these  specific  lo¬ 
cations  n.-r*  essemi.il  and  when  the  energy  spectrum  is  very 


4  Conci  t'SIOSS 

We  have  illustrated  that  for  cosmic  ray  particles  uf  vertical 
incidence  anil  for  rigidities  above  the  R,  value  (cot  responding 
to  the  first  discontinuity  in  asymptotic  direction  progressing 
down  through  the  rigidity  scale)  the  correspondence  between 
asymptotic  directions  of  cosmic  ray  particles  and  cutofT  rigid¬ 
ities  in  the  evolving  geomagnetic  field  between  epochs  1965  0 
and  1980  0  ts  essentially  the  same  as  in  a  perturbed  geomag¬ 
netic  field.  For  nonpolar  locations  the  asymptotic  directions  in 
an  evolved  geomagnetic  field  can  therefore  be  obtained  from  a 
“known”  reference  set  of  asymptotic  directions  if  the  change  in 
cutoff  rigidity  is  known 
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Peak  Flux  Density  Spectra  of  Large  Solar  Radio  Bursts 
and  Proton  Emission  From  Flares 
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Emmanuel  Colleys.  Boston,  Massachusetts 

We  have  reexamined  the  relationship  between  ~U-shapcd"  peak  flux  density  microwave  spectra  and 
solar  proton  events  for  -^200  large  (Sp  (£2  GHz)  £  800  solar  flux  units  (sfu))  microwave  bursts  (1965- 
1979)  The  radio  spectra  fell  into  two  basic  classes:  U-shaped,  with  two  maxima  (£800  sfu)  in  the  range 
from  200  MHz  to  £  10  OH/  (59%  of  all  events),  and  cutofT  spectra,  with  a  maximum  £  800  sfu  at  /  £  2 
Gif/  and  Sp  (200  MHz)  <  100  sfu  (18%)  Nine  percent  of  the  events  had  “intermediate”  spectra  with  a 
maximum  £800  sfu  at  /£  2  GHz  and  100  sfu  <,  Sp  (200  MHz)  <  800  sfu.  We  were  unable  to  classify 
I  5%  of  the  events  because  of  incomplete  data  The  associations  of  the  three  classes  of  spectra  with  type  If 
rand  /or  type  IV)  meter  wavelength  buists  and  >  10-MeV  proton  events  of  any  size  (£0.01  protons  cm' 2 
s'*  sr*1)  are  as  follows:  U-shaped:  type  1 1/1 V  (90"/..  of  large  microwave  bursts  with  U-shaped  spectra 
arc  associated  with  type  I  I/I  V  events),  protons  (77%);  intermediate:  type  II/IV  (78%).  protons  (73%). 
and  culolT.  type  II/IV  (22%).  protons  (33%).  These  statistics  affirm  various  lines  of  evidence  linking 
coronal  shock  waves  and  interplanetary  proton  events  They  also  suggest  that  the  meter  wavelength 
branch  of  the  U-shaped  spectrum  may  be  attributable  to  second -phase  (versus  flash  phase)  accelerated 
electrons  We  have  examined  this  Ijtter  supposition  and  find  that  it  cannot  be  true  in  general  In  our 
sample  a  type  M  event  was  in  progress  at  the  time  of  the  peak  of  the  low -frequency  branch  for  only  ahout 
half  of  the  bursts  with  U-shaped  spectrum  (U  bursts)  For  these  events  wc  cannot  rule  out  a  possible 
contribution  to  the  peak  200-MH?  flux  from  either  the  second  harmonic  of  the  type  II  burst  or  from  flare 
continuum  of  the  type  FC  II.  provided  that  the  starting  frequency  of  the  fundamental  t>pe  II  burst  is 
>  100  MHz.  The  low-frequency  branch  of  the  U  burst  appears  to  be  more  closely  related  to  impulsive 
phase  type  111  emission  Wo  note  that  the  small  sample  of  U  bursts  that  lacked  type  ll/IV  assignation  is 
also  poorly  associated  with  proton  events  We  conclude  that  the  observed  association  between  U  bursts 
and  proton  events  probably  results  from  the  big  flare  syndrome  rather  than  a  close  physical  link  between 
these  two  phenomena  If  the  current  National  Oceanic  and  Atmospheric  Administration  prediction 
threshold  of  J  (  >  10  MeV)  £  10  protons  cm'1  s'1  sr ' 1  had  been  in  effect  during  the  period  covered  by 
our  data  bjsc  (1965  1979).  the  U  burst  "yes  or  no”  forecast  tool  would  have  had  a  false  alarm  rate  of 
SO  70%  and  would  have  failed  to  provide  warning  for  40  50"'..  of  the  significant  prompt  proton  events 
attributable  to  disk  flares.  We  note  that  several  (eight  of  46)  of  the  prompt  proton  events  with  J  (>  10 
MeV)  £  10  protons  cm  *  s  1  sr  1  observed  from  1965  io  1979  originated  in  flares  that  hjd  relatively 
weak  (  <;  300  sfu)  burst  emission  at  200  MHz. 


I  Ini  koi  >uc  i  ion 

ComcIIi  cl  a!.  [1967]  proposed  that  the  “U-shapcd"  peak 
flux  density  radio  spectrum  with  high  flux  densities  (£1000 
solar  flux  units  (1  sfu  =  10' 22  W  m"2  Hz'1))  at  meter  and 
centimeter  wavelengths  and  a  minimum  in  the  decimeter 
range  is  the  "preferred  spectrum"  for  major  solar  proton  flares 
This  concept  was  investigated  in  a  scries  of  papers  by  Castelii 
and  his  coworkers  [Castelii*  1968;  O'Brien.  1970;  Castelii  and 
Gutdtce.  1972;  Castelii  and  Barron,  1977;  Castelii  and  Tarn - 
strom,  1978],  In  the  initial  reports  on  this  topic  [Castelii  el  al.. 
1967;  Castelii,  1968],  evidence  was  presented  indicating  that 
the  U-shaped  spectrum  was  a  necessary  or  almost  necessary 
condition  for  a  solar  flare  to  produce  a  polar  cap  absorption 
(PCA)  event.  Thus  Castelii  et  al.  [1967]  found  U-shaped  radio 
spectra  for  the  three  visible  hemisphere  “PCA  flares"  of  1966. 

In  a  verification  of  the  utility  of  the  U-shaped  spectrum, 
O'Brien  [1970]  compiled  a  comprehensive  list  of  30  micro- 
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wave  events  with  this  spectral  shape  (hereinafter.  C  hur.i*.  l 
occurring  from  1966  to  1968  O'Brien  a<r  iv tuted  13  <>f  thev 
flare  bursts  with  principal  {>20  JH  of  abs<<rp(-on  mrjM,  H 
by  a  30- M Hz  nometcr)  PCA  events  and  14  with  m.nor  (-20 
dB)  PCA’s  or  proton  events  delected  only  by  satel1  ,rs  and 
was  unable  to  associate  the  three  remaining  U  hursts  wnh  a 
near-earth  particle  enhancement.  Significantly.  >  the  icvcrse 
association,  O'Brien  found  no  cases  of  princira’  PCA'x  during 
this  period  that  were  not  associated  wtih  >  ’  bursts  Ca\:cllt 
and  Barron  [1977]  compiled  a  compre’  e  .sive  list  of  81  U 
bursts  in  1966-1976.  For  nine  of  these  events  a  major  proton 
event  (PCA)  was  in  progress  at  the  time  of  the  tj  burst,  and  no 
fresh  injection  of  protons  was  observed  Seventy  of  (he  re 
maining  72  events  were  associated  either  with  PCA's  (27  of 
which  had  peak  absorption  £2.0  dB)  or  satellite  proton 
events.  For  the  same  peri  1966-1976,  Castelii  and  Tarn- 
strom  [1978]  published  ^  catalog  of  114  proton  events  that 
were  associated  with  Pares  that  did  not  have  U-shaped  micro- 
wave  spectra.  Seventy-six  of  these  events  could  be  identified 
with  visible  hemisphere  flares,  and  of  these  only  three  were 
principal  PCA  events.  Thus  the  current  picture  of  the  relation- 


UlUK  tl  AL  i>i>L AK  KaUIO  iiUKSI  Sl*U  IKA  a%d  j  larl  I’kuu^ns 


ship  between  U  bursts  and  proton  events  is  that  the  U-shaped 
spectrum  is  (1)  an  almost  sufficient  condition  (70/72  =  97%) 
for  the  occurrence  of  an  interplanetary  proton  event  of  any 
size  and  (2)  an  almost  necessary  condition  (27/30  =  90%)  for 
the  occurrence  of  a  principal  PCA  (2  2.0  dB). 

Largely  as  a  result  of  the  clforts  of  Castclli  and  his  col¬ 
leagues.  the  presence  or  absence  of  a  U-shaped  spectrum  is 
used  as  a  "yes  or  no”  indicator  of  significant  proton  acceler¬ 
ation  in  solar  flare  bursts  at  the  U  S.  space  forecasting  centers 
in  Boulder  and  Omaha  [Heckman,  1979;  diver  el  al,  1978; 
Thompson  and  Sevan.  1979]  Moron. cr.  the  successful  appli¬ 
cation  of  the  U  burst  as  an  indicator,  coupled  with  the  ability 
to  view  the  sun  through  Jouds  at  radio  wavelengths,  was  a 
significant  factor  in  the.  evolution  of  the  worldwide  solar  radio 
pjlrol  of  the  U  S  Air  Force  [Casielli  el  al .  1973]  and  the 
establishment  of  the  present-day  Radio  Solar  Telescope  Net¬ 
work  [Gunfire  et  <;/,  1981]  that  monitors  solat  emissions  in 
the  frequency  range  front  295  MHz  to  159  GHz 

Despite  the  use  of  the  U-shaped  spectrum  as  a  forecasting 
aid.  however,  certain  questions  about  its  development,  prag¬ 
matic  application,  and  physical  interpretation  remain  unan¬ 
swered  S  W  Kahler  (private  communication.  1980)  and  G 
M  Simnclt  (private  communication,  1980)  pointed  out  that 
certain  events  in  Castclli  and  Barron's  list  of  SI  events  did  not 
appear  to  satisfy  the  stated  definition  of  a  U  burst,  while  other 
events  whose  peak  (lux  density  spectra  conformed  to  the  defi¬ 
nition  were  omitted  Some  of  the  difficulty  lies  in  the  definition 
of  the  U-shaped  spectrum  used  by  Castclli  and  Barron,  bc- 
vause  n  contains  no  mention  of  the  allowable  separation  in 
time  between  peaks  at  dilTcrcnt  frequencies.  Tor  certain  events 
in  (iwrlli  nn,l  Matron's  [1977]  (hereinafter  CB)  list  (events  6. 
17.  32,  and  61)  the  low-frequency  maximum  occurs  from  10  to 
M.)  min  alter  the  -  10-GH/  peak  In  two  of  these  events  (events 
I'  and  61)  the  -  200-Mll/  emission  did  not  begin  until  2  15 
m:n  after  the  centimeter  wavelength  maximum  Constructing 
peak  flux  density  spectra  from  discrete  frequency  peaks  sepa¬ 
rated  by  tens  of  minutes  strains  the  credibility  of  the  U  burst 
as  a  forecast  tool  (and  as  a  meaningful  phvsical  construct), 
since  given  enough  lime  and  the  relative  high  frequency  of 
bursts  at  the  longer  wavelengths,  unrelated  microwave  and 
meter  wavelength  bursts  might  he  combined  to  give  U-shaped 
xpcwrru  While  the  appropriateness  of  the  inclusion  of  these 
and  orficr  (events  10,  20.  25.  39.  36  and  55)  events  on  the  U 
hurst  list  of  CB  is  debatable,  other  events  that  satisfied  the 
U-shaped  spectral  criteria  were  omitted  from  the  fist.  Well- 
defined  examples  of  such  events  occurred  on  September  9. 
1966  (0-117  UT).  March  9,  1967  (1716  UT).  March  21.  1969 
(1339  UT),  January  14.  1971  (1122  UT),  and  March  6,  1972 
(1116  UT). 

from  our  perspective  a  more  fundamental  question  than 
the  classification  of  individual  events  in  previous  studies  of 
U-shaped  spectra  and  proton  events  concerns  the  basic  meth¬ 
odology  of  these  studies  Despite  the  considerable  effort  that 
has  been  expended  on  investigations  of  the  U  burst-proton 
event  relationship,  no  systematic  study  to  classify  the  peak 
flux  density  spectra  of  large  solar  bursts  into  different  types 
and  then  to  compare  the  proton  association  of  non-U  types 
with  that  of  the  U  bursts  has  been  undertaken.  Thus  at  pres¬ 
ent,  we  know  neither  (1)  the  approximate  fraction  of  large 
radio  bursts  that  have  U-shaped  spectra  nor  (2)  the  degree  of 
association  between  large  bursts  with  non-U  spectra  and 
proton  events  Until  these  questions  are  addressed,  it  is  diffi¬ 
cult  to  assess  the  value  of  the  1J  burst  as  a  "yes  or  no'  forecast 
tool,  since  it  is  not  known  how  well  it  discriminates  against 
large  microwave  bursts  of  ddletci.t  spectral  type 


Finally,  questions  about  the  physical  interpretation  of  the 
U-shaped  peak  flux  density  spectrum  have  persisted  since  its 
introduction.  Caslelli  el  al.  [1967]  and  Casielli  [1968]  made 
little  attempt  to  provide  an  explanation  for  the  observed  as¬ 
sociation  between  U  bursts  and  proton  events.  Subsequently, 
Casielli  and  Guidice  [1972]  interpreted  this  relationship  in 
terms  of  a  two-stage  acceleration  process.  In  their  model,  flash 
phase  electrons  accelerated  downward  toward  the  solar  sur¬ 
face  (or  trapped  on  low-lying  loops)  give  rise  to  the  centimeter 
wavelength  branch  of  the  U  burst.  The  intensity  of  the  micro¬ 
wave  peak  (<  1000  sfu  in  U  bursts)  served  as  an  indicator 
that  the  energy  release  during  the  impulsive  phase  was  suf¬ 
ficient  to  produce  a  coronal  shock  wave  (inferred  from  a  type 
II  burst)  through  which  the  electrons  accounting  for  the  meter 
wavelength  branch  of  the  U  burst  and  the  protons  observed  at 
earth  were  accelerated  by  means  of  a  Fermi-type  process  The 
idea  of  two  phases  of  particle  acceleration  in  (lares  was  pro¬ 
posed  by  Wild  t’1  al  [1963]  and  De  Jaqer  [1969]  The  pictutc 
suggested  by  Casielli  and  Guidice  [1972]  for  the  relationship 
between  the  two  stages  is  in  qualitative  agreement  with  the 
detailed  model  of  Lin  and  Hudson  [1976]  However,  since 
Cheer  et  al  [19X36.  c]  have  shown  that  significant  (2(  >  10 
MeV)  2  10  protons  cm' !  s  1  sr  ‘  ’)  proton  events  can  be  as¬ 
sociated  with  relatively  small  (Sp  (  -  9  GHz)  <  100  sfu)  micro¬ 
wave  bursts,  as  was  also  indicated  by  Casielli  and  Tarnsiron: 
[1978],  the  explanation  of  the  U  burst-proton  relationship 
proposed  by  Castclli  and  Guidice  is  problematical  Neverthe¬ 
less,  Lin  [1970]  and  Seesika  and  Fritzova-Sreslkora  [1974] 
have  noted  an  association  between  type  II  bursts  and  inter 
planetary  proton  events,  and  it  would  be  interesting  (o  sec  if 
large  flare  bursts  with  the  U-shaped  spectrum  are  prefer 
cntially  associated  with  type  II  bursts  in  comparison  with 
large  non-U  bursts.  Without  such  additional  evidence  for  a 
phvsical  link  between  U  bursts  and  proton  events  the  inch 
nation  is  to  dismiss  the  U  burst-proton  event  association  as  an 
example  of  the  big  Hare  syndrome  [Kalder.  1982<i],  perhaps 
useful  for  forecasting  purposes  but  incapable  of  providing  in¬ 
sights  on  the  problem  of  proton  acceleration  in  flares  In  ess¬ 
ence  the  big  flare  syndrome  slates  that  a  flare  that  is  promi¬ 
nent  in  one  energy  or  wavelength  range  lends  to  be  prominent 
in  all  and  cautions  about  overinterpreting  associations/corrc- 
lations  observed  in  samples  of  big  flares 

In  this  study  we  classify  the  peak  flux  density  spectra  of  all 
large  (Sp  (2  2  GHz)  2  800  sfu)  radio  bursts  observed  from 
1965- 1979  and  compare  the  associations  of  bursts  of  different 
spectral  classes  with  interplanetary  proton  events  and  type 
I  I/I  v  bursts.  In  addition,  we  examine  the  nature  of  the  low- 
frequency  branch  of  the  U-shaped  spectrum  and  conduct  a 
search  for  necessary  conditions  in  the  radio  domain  for  the 
occurrence  of  a  significant  (J  (>  10  MeV)  2  10  prolons  cm  2 
s' 1  sr'  ')  proton  event. 

In  section  2  we  discuss  our  data  sources,  event  selection 
criteria,  and  burst  classification  procedures.  The  various  statis¬ 
tical  associations  arc  presented  in  section  3,  and  a  summary 
and  discussion  of  results  are  contained  in  section  4 

2.  Radio  and  Proton  Data  (1965-1979) 

Radio  Data  Sources 

f  or  both  discrete  and  sweep  frequency  radio  data  we  relied 
primarily  on  the  Quarterly  Bulletin  of  Solar  Activity  (QBSA) 
for  events  occurring  before  1969  and  Solar  Geophysical  Data 
(SGD)  for  subsequent  years,  ft  is  important  to  note  that,  for 
consistency,  only  tabulated  data  were  used  Reference  was  not 
made  either  to  published  burst  profiles  or  to  the  Sagamore 
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Mill  strip  chart  data,  which  we  have  archived  for  the  years 
1966-1981. 

Selec 7 6 »»i  Criteria 

In  our  search  for  large  microwave  bursts  occurring  during 
this  period  we  used  the  following  selection  criteria:  (1) 
.S'/*  >  8(H)  sfu  at  f'Z.  2  GH/.  and  (2)  85  £  ^  <j>  <,  85JW,  where 
Sp  is  the  peak  radio  flux  density  and  </>  is  the  longitude  of  the 
associated  I  la  flare.  We  considered  only  frequencies  ^2  GHz, 
since  this  frequency  serves  as  a  nominal  divider  between  the 
dccimetric  wavelengths,  where  intense  narrow  band  features 
often  occur  without  significant  associated  microwave  emission, 
and  the  cenhmciric  wavelengths,  where  spectral  variations  are 
typically  smoother  [cf  Kurulu,  1965].  The  ;>  800  sfu  level  is 
roughly  equivalent  to  Castclli  and  Barron's  £  1000  sfu  level 
The  solar  longitude  criterion  was  adopted  to  screen  out  events 
occurring  close  to.  or  beyond,  the  limb  for  which  the  radio 
source  may  have  been  partially  occulted.  A  complete  listing  of 
the  193  microwave  events  satisfying  these  selection  criteria 
and  their  associated  Ha.  sweep  frequency  radio,  and  proton 
data  are  given  by  Cheer  et  al  f  1985] 

C  onsfrui  r«  /i«/  spec  if  a 

Several  of  the  193  events  had  more  than  one  reported  peak 
m  their  flux  density  time  profiles  that  satisfied  our  Sp  (^2 
CiH/l  >  800  sfu  selection  criterion  (eg.  two  of  the  large 
bursts  in  the  August  1972  sequence).  For  such  events  we  con¬ 
structed  spectra  at  the  time  of  the  largest  peak  at  the  highest 
frequency  for  which  observations  were  reported  Since  second¬ 
ary  (late)  peaks  in  microwave  outbursts  tend  to  have  their 
maxima  at  progressively  lower  frequencies  [Kai.  1968,  K abler . 
1982/*].  this  procedure  was  designed  to  select  the  initial  major 
peak  in  the  listed  events  While  this  tactic  did  not  always,  in 
fact,  identify  the  first  reported  centimeter  wavelength  peak 
>800  sfu,  it  did  ensure  a  consistent  approach  to  the  data.  We 
considered  only  those  lower -frequency  flux  density  maxima 
that  fell  within  a  5  nun  sliding  window  containing  the  highest - 
frequency  highesl-flux  "anchor  time."  No  two  discrete  fre¬ 
quency  maxima  that  were  used  to  determine  the  peak  flux 
density  spectrum  could  Ik  separated  in  time  by  more  than  5 
nun  I  he  5  min  width  of  the  time  window  was  arbitrarily 
chosen,  and  while  it  still  may  be  too  large  to  provide  physi¬ 
cally  meaningful  spectra,  it  is  an  improvement  on  the  rela¬ 
tively  open  ended  approach  of  CM  In  practice,  large  micro 
wave  bursts  often  have  their  maxima  occurring  within  I  -2  min 
at  frequencies  across  the  spectrum 

The  reported  peak  flux  densities  in  the  5-min  window  were 
plotted  as  a  function  of  frequency  on  log-log  graph  paper 
(figures  1  6).  We  considered  only  frequencies  200  Mil/ 
with  the  exception  of  Boulder  (184  MM/).  Visual  fits  were 
made  through  the  plotted  points  for  each  event  At  frequencies 
>2  GH/  it  was  relatively  easy  to  construct  a  consensus  peak 
flux  density  spectrum  from  the  plotted  points,  owing  both  to 
the  smoother  spectral  and  temporal  variations  at  these  fre¬ 
quencies  and  to  the  reasonably  good  (10-20%  variations 
[Tanaka  cl  al.,  1973;  Kahlcr,  I982u])  intcrcalibration  of  the 
worldwide  patrol.  Below  2  GHz.  and  especially  near  200 
MMz.  the  situation  becomes  more  difficult.  The  narrow  band 
features  in  the  decimeter  range  present  a  particular  problem, 
since  one  cannot  be  sure  whether  an  apparent  pronounced 
spectral  variation  is  real  or  the  result  of  an  erroneous  report 
by  a  single  observatory.  The  procedure  we  eventually  adopted 
at  decimeter  wavelengths  was  close  to  a  "connect  the  dots” 
approach,  smoothing  out  minor  variations  that  could  be  due 
to  calibration  differences  but  following  exactly  large  variations 


that  we  had  no  reason  to  doubt.  Examples  of  events  with 
relatively  narrow  band  dccimetric  features  in  their  spectra  are 
given  in  Figures  26,  2c,  36,  3c,  46.  66,  and  6c  At/  —  200  MMz, 
peak  flux  densities  reported  by  dilTcrcnl  stations  observing  at 
closely  spaced  frequencies  can  vary  by  a  factor  of  2-5  or  more 
(f  igures  lr,  36,  3 d,  and  4 a).  It  seems  doubtful  that  variations 
of  this  size  could  be  due  to  faulty  calibration,  since  the  differ¬ 
ence  would  also  appear  in  the  daily  measurement  of  the  quiet 
sun  flux.  Rapid  spectral  variations  in  the  burst  emission  at 
these  lower  frequencies  may  play  a  role,  although  for  certain 
cases,  large  discrepancies  were  noted  in  the  reported  peak  flux 
densities  of  observatories  monitoring  the  same  nominal  fre¬ 
quencies.  We  suggest  that  the  significant  differences  often  ob¬ 
served  near  200  MHz  result  from  the  effects  of  different  time 
constants  on  bursts  with  fast  time  structure  or  from  nonlinear 
receiver  response  for  large  events  Since  both  of  these  effects 
will  tend  to  reduce  observed  peak  flux  densities  (assuming  that 
one  does  not  over  correct  for  nonlinearity),  w-e  favored  the 
higher  reported  values  in  events  with  widely  divergent  peak 
flux  densities  at  200  MHz..  This  decision  affected  the  spectral 
classifications  of  12  events. 

While  observatories  may  report  the  times/ peak  flux  den¬ 
sities  of  several  maxima  at  a  given  frequency  in  a  complex 
burst,  this  practice  is  by  no  means  standard  and  often  only  the 
largest  peak  is  reported.  This  is  a  particular  problem  at  the 
lower  (<  1  GH/)  frequencies,  where  the  largest  peak  may  not 
occur  until  late  in  the  event  for  10  events  wi*h  insufficient 
spectral  data  at  the  anchor  time,  however,  it  was  possible  to 
infer  the  spectral  shape  by  using  peak  fluxes  reported  later  (or 
earlier)  in  the  event  as  upper  limits 

Spectral  Classes 

Despite  the  occasional  complexity  that  may  present  itself  in 
the  peak  flux  density  spectrum  of  an)  given  event,  we  found 
that  we  were  able  to  classify  the  spectra  of  the  193  events 
listed  by  Cliicr  et  al  [1985]  into  two  basic  groups  and  an 
intermediate  type  The  dominant  spectral  type  was  the  U 
shape  that  composed  59%  (1 13/19))  of  the  sample  for  a  peak 
flux  density  spectrum  to  be  classified  as  U-shaped,  we  required 
(I)  a  spectral  maximum  ;>  800  sfu  at  some  frequency  / ;>  2 
GHz.  (2)  a  second  maximum  ;>  H00  sfu  at  some  frequency 
(  >  200  MHz)  below  that  of  criterion  1  and  (3)  a  spectral 
minimum  al  some  frequency  between  that  of  the  maxima  in 
criteria  1  and  2  (but  <  10  GH/)  with  a  flux  density  value 
significantly  (  ^  40%)  below  those  of  criteria  l  and  2 

The  above  definition  allows  a  variety  of  spectra  to  be  classi¬ 
fied  as  U-shaped.  A  number  of  examples  of  this  spectral  type 
are  shown  m  Figures  1-3.  Figure  I  contains  examples  of  the 
"classic”  U  burst  spectrum  with  the  low-frequency  flux  density 
maximum  occurring  from  —200  to  500  MHz  Approximately 
75%  of  the  U  bursts  in  our  sample  had  this  type  of  spectrum. 
-  20%  bad  their  lower-frequency  maximum  in  the  range  from 
>500  MHz  to  2  GHz.  Figures  2a.  2r,  2d,  and  3a-3J  give 
seven  of  the  15  cases  of  U  bursts  that  had  their  low-frequency 
peak  at  /£  1  GHz.  The  events  in  Figure  2  were  on  CB's  list, 
while  those  in  Figure  3  were  not 

At  this  point  it  is  of  interest  to  compare  our  list  of  events 
with  U-shaped  spectra  to  that  of  CB  for  the  period  in 
common  from  1966  to  1976  Of  the  85  previously  identified  U 
bursts  during  this  period  (81  from  CB  and  four  added  by 
Castclli  and  Tarnstrom  [1978]).  H  occurred  either  at  or 
behind  the  solar  limb  ( <t>  >  85°).  and  were  not  considered  for 
our  list.  For  15  other  events  on  CB's  list  we  were  either  unable 
to  classify  the  peak  flux  density  spectrum  because  of  insuffi¬ 
cient  data  in  the  5-min  window  <  1 0  eases)  or  arrived  at  a 


pcak-fiux- isfuj 


(  uvLR  n  AL.  Solar  Radio  Burst  Spectra  and  Flare  Protons 


M  MAHCH  1906 
CCV  irr 


05  NCVEWBCR  974 
1535  (JT 


©  NCVEMGCR  979 
0642  UT 


FRCXJCNCY  (GHZ) 


FWOXCNCY  (<MZ) 


Fig  1.  Examples  of  the  classic  U-shaped  spectrum  with  the  low-frequency  maximum  occurring  near  200  MHz.  Events 
in  Figures  la  and  16  were  on  Casttlli  and  Barron' i  [1977]  list  of  U-bursts.  while  events  in  Figures  lc  and  Id  occurred  after 
the  period  they  considered.  In  Figures  1-6,  crosses  indicate  doubtful  or  uncertain  flux  density  values,  and  downward 
pointing  arrows  indicate  upper  Umits  Uncertainties  »n  measured  peak  fluxes  at  frequencies  >  2  GHz  are  typically 
<  t  20%.  Differences  tn  reported  values  at  /<  2  GHz  may  be  substantially  larger  (factors  of  2-10),  as  can  be  seen  from 
these  figures  Note  that  the  origin  of  the  y  axis  of  the  plots  in  Figures  1-3  is  at  10  sfu  compared  to  1  sfu  in  Figures  4-6. 
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Fig.  2.  Examples  of  U-shaped  peak  flux  density  spectra  that  had  their  lower-frequency  maximum  in  the  decimetre 
range.  Each  of  these  events  was  on  Castelli  and  Barron's  [1977]  U  burst  list 


different  classification  (five  eases).  Thus  there  were  59  events  in 
the  intersection  of  our  U  burst  data  sets  for  the  common  years 
of  these  studies.  In  addition,  we  identified  25  events  during 
this  period  that  were  not  included  on  the  U  burst  list  compiled 
by  CB  and  Caslelli  and  Tarnslrom  but  satisfied  the  U-shaped 
spectral  criteria  that  we  adopted.  We  point  out  that  13  of 


these  25  events  would  not  have  been  classified  as  U  bursts  if 
spectral  maxima  £  1000  sfu  (versus  ^800  sfu)  in  the  meter/de- 
cimeicr  and  centimeter  wavelength  ranges  had  been  required. 
This  would  account  for  their  absence  from  the  CB  list  By  the 
same  standard,  however,  three  other  events  on  their  list  might 
be  excluded. 
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Fig.  6.  Examples  of  large  microwave  burses  with  cutoff  or  quasi-cutoff  spectra  The  events  on  October  15.  1974  (Figure 
W*  and  July  1 1.  1978  (Figure  6cJ,  exhibited  a  decimelric  component  in  their  spectra. 
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For  52  of  ihe  165  events  for  which  we  were  able  to  deter¬ 
mine  spectra  a  2  800  sfu  maximum  at  /2  2  GHz  was  not 
accompanied  by  a  maximum  with  Sp  2  800  sfu  at  a  lower 
frequency.  In  many  cases  the  high-frequency  emission  was  ap¬ 
parently  unaccompanied  by  any  emission  *1  lower  frequencies, 
and  emission  would  appear  to  taper  smoothly  down  from  the 
centimeter  wavelength  maximum  and  cut  off  at  frequencies  £ 

I  GHz.  In  other  cases  the  spectrum  was  U-shaped,  but  the 
lower-frequency  maximum  did  not  have  Sp  2  800  sfu.  Still,  in 
a  few  other  cases  the  spectrum  below  the  centimeter  wave¬ 
length  peak  neither  cut-olT  completely  nor  turned  back  up  but 
remained  relatively  flat  at  a  given  flux-density  level.  To  dis¬ 
tinguish  between  these  various  types  of  events,  we  adopted  the 
following  classification  scheme  We  classified  events  as  having 
intermediate  peak  flux  density  spectra  for  which:  (I)  a  spectral 
maximum  2  800  sfu  occurred  at/2  2  GHz,  (2)  no  significant 
(Sp  2  800  sfu)  spectral  maximum  occurred  at  a  frequency 
lower  than  that  of  criterion  I  (down  to  200  MHz),  and  (3) 
Sp{ 200  MHz)  2  100  sfu.  This  set  of  criteria  distinguishes  these 
intermediate  events  from  those  having  "cutot."'  or  “quasi- 
cutofT”  spectra  for  which  criteria  I  and  2  also  apply,  but  for 
which  criterion  3  becomes  Sp  (200  Mllz)<  100  sfu.  Thus 
microwave  bursts  of  the  intermediate  spectral  class  have  peak 
200  MHz  emission  between  that  of  U  hursts  and  cutoff  events. 
We  point  out,  however,  that  the  occurrence  of  a  decimeter 
wavelength  peak  with  Sp  2  800  sfu  automatically  qualified  an 
event  as  a  U  burst  in  our  classification  scheme  (assuming  that 
it  met  the  other  stated  criteria)  regardless  of  the  peak  flux 
density  of  any  reported  200-MHz  burst. 

While  for  many  of  (he  events  having  cutoff  spectra,  emission 
appeared  to  be  cut  off  well  above  200  MHz,  we  know  from 
experience  that  many  and  perhaps  a  majority  of  the  smaller 
c.cnts  (Sp  <  100  sfu)  at  200  MHz  go  unreported  [cf.  Roclof  et 
ill .  1983].  Thus  the  cutoff  events  arc  not  necessarily  those  for 
which  no  low-frequency  emission  was  observed  but  rather  arc 
events  for  which  the  peak  200- MHz.  emission  was  significantly 
down  (a  factor  of  8  or  more)  from  us  centimeter  wavelength 
maximum.  In  all  cases  where  no  event  was  reported  near  200 
MHz  (184-328  MHz)  we  checked  the  published  patrol  times 
to  see  if  a  station  (e  g  ,  Hiraiso,  Gorky,  Sagamore  Hilt)  was,  in 
fact,  observing  in  this  frequency  range  If  a  station  were  ob¬ 
serving  and  did  not  report  an  event,  we  assumed  that  Sp 
(-200  MHz)  <  100  sfu 

Eighteen  of  the  193  events  in  our  data  set  (9%)  had  inter¬ 
mediate  peak  flux  density  spectra  and  34  (18%)  had  cutoff 
spectra.  Examples  of  intermediate  spectra  arc  shown  in  Figure 
4,  and  examples  of  cutoff  spectra  are  given  in  Figures  5  and  6. 
Examples  of  intermediate  and  cutoff  spectra  with  dccimctric 
peaks  are  shown  in  Figures  4 b,  66,  and  6c,  respectively. 

We  were  unable  to  classify  the  peak  flux  density  spectra  of 
28  (15%)  of  the  events  in  our  data  sample.  The  most  common 
reason  (20  cases)  for  our  inability  to  construct  a  meaningful 
spectrum  was  the  lack  of  data  points,  particularly  at  low  fre¬ 
quencies,  within  the  5-min  sliding  window. 

Proton  Data 

For  the  proton  associations  of  the  193  events  we  used  the 
work  by  Svestka  and  Simon  [1975],  reports  by  Dodson  et  at. 
(1977,  1978],  and  the  published  list  of  van  Hollebeke  et  al. 
[1975]  for  the  years  1965-1972.  We  made  the  associations 
ourselves  for  the  subsequent  years.  We  considered  only  in¬ 
creases  for  which  the  logarithm  of  the  peak  near-earth  >  10 
MeV  flux  had  a  characteristics  —2.  Somewhat  smaller  in¬ 
creases,  with  log  (7)  <  —  2,  can  be  observed  by  existing  satel¬ 


lite  sensors,  but  fluctuations  at  this  level  arc  common,  and  it  is 
difficult  to  confidently  associate  these  small  increases  with 
flares  [cf.  Kahler ,  19826;  van  Hollebeke  et  al..  1975],  For  the 
period  from  January  1965  to  May  1967  we  relied  on  the 
proton  event  classification  of  Smart  and  Shea  [1971],  as  used 
by  Svestka  and  Simon  [1975],  to  determine  the  logarithm  of  J 
(>  10  MeV).  For  the  period  from  May  1967  to  May  1973  we 
were  able  to  make  this  determination  directly  from  the  >  10 
MeV  data  acquired  by  the  Johns  Hopkins  University  Applied 
Physics  Laboratory  (JHU  APL)  experiments  aboard  IMP-F, 
-G,  and  -I  and  published  in  SGD.  For  the  years  1973-1979  we 
worked  with  the  20-40  MeV  data  collected  by  the  JHU  APL 
sensors  aboard  IMP-H  and  -J.  For  this  differential  channel  a 
peak  flux  of  2  10"  4  protons  cm’1  s"1  sr ' 1  MeV'1  corre¬ 
sponds  to  a  peak  >  10-MeV  flux  of  J  2  10"J  protons  cm"J 
s"1  sr"1  if  one  assumes  a  spectral  slope  of  -  3  [uon  Hollebeke 
et  al.,  1975]  We  subtracted  the  background  due  to  earlier 
events  when  determining  log  (7).  We  made  note  of  all  cases 
where  a  fresh  injection  of  protons  from  a  given  event  might 
have  been  masked  by  a  proton  event  already  in  progress  or 
where  an  injection  of  particles  near  the  time  of  the  flare  in 
question  may  have,  in  fact,  been  due  to  a  more  likely  candi¬ 
date  parent  flare 

We  note  that  for  the  period  May  1967  to  May  1973,  Svestka 
and  Simon  [1975]  and  Dodson  et  al  [1977.  1978]  listed  7  of 
the  193  events  as  only  being  sources  of  low-energy  (<|0 
MeV),  low-flux  (<I0"J  protons),  or  non-ncar-earlh  (>60a 
from  the  earth-sun  line)  proton  events  Four  of  these  particle 
events  were  associated  with  U  bursts,  two  with  cutolf  events, 
and  one  with  an  unclassified  event 

Major  Proton  Events.  1965-1979 

By  examining  the  proton  association  of  the  1 1 3  U  bursts  in 
our  sample  we  can  determine  a  false  alarm  rate  for  the  U 
burst  forecast  tool  for  predicting  proton  events  above  a  given 
threshold.  To  determine  Ihe  fraction  of  major  proton  events 
that  arc  associated  with  U  bursts,  we  compiled  a  list  of  the  46 
prompt  proton  events  with  7  ( >  10  MeV)  2  10  protons  cm  ' 1 
s  '  sr "  '  (above  prccvcnl  background)  occurring  from  1965  to 
1979  that  had  unambiguous  visible  hemisphere  (85‘E  2  <t> 
<  85°W)  parent  Ha  flare  associations  The  7  ( >  1 0 
MeV)  >  10  protons  cm'1  s'1  sr'1  threshold  is  currently  in 
use  at  the  National  Oceanic  and  Atmospheric  Administration 
(NOAA)  Boulder  forecast  center  [ Heckman .  1979].  This  is  the 
same  list  or  events  that  was  used  in  the  study  by  Clner  et  al. 
[1983c].  A  complete  listing  of  these  events  with  their  associ¬ 
ated  data  is  given  by  diver  et  al.  [1985]. 

3.  Data  Analysis 

Peak  Flux  Density  Spectral  Type  Versus  Proton  Eivnts 

In  Table  I  we  present  our  results  on  the  association  of 
proton  events  with  large  radio  bursts  of  different  spectral 
types  for  Ihe  193  events  in  our  sample.  To  allow  for  particle 
propagation  effects,  we  have  divided  Table  I  into  two  parts, 
corresponding  to  western  hemisphere  and  eastern  hemisphere 
events.  We  have  further  divided  the  events  from  each  hemi¬ 
sphere  into  ‘‘clean’'  and  masked  or  ambiguous  cases.  The  clean 
events  arc  those  in  which  the  flare  association  is  unambiguous, 
and  a  fresh  injection  of  >  10-MeV  protons  is  observed  above 
the  flux  background,  either  quiet  or  disturbed,  existing  at  the 
time  of  the  flare.  In  the  right-hand  section  of  Table  I  the 
associated  value  of  the  logarithm  of  the  >  10-MeV  peak  flux 
refers  either  to  the  level  of  the  enhanced  >  10-MeV  flux  at  the 
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TABLE  I  Peak  Flux  Density  Spectral  Class  Versus  Proton  Event 
Size 


Logarithm  of  >  10-Mev  Peak  Flu* 

Ambiguous  or 

"Clean"  Cases 

Masked  Events 

Spectral  Type 

22 

10-1-2  <  —  2 

22  1 

0 

-1 

-2 

Western  Hemisphere* 

U-shaped 

10 

12  4  3  2  3 

2  6 

3 

4 

2 

Intermediate 

2  2  1  2 

1 

1 

1 

1 

CutofT 

1  2  1 

1 

2 

5 

Unclassified 

l 

2  1 

I  2 

i 

Eastern  Hemisphere t 

U-shaped 

2 

4  4  7  8  14 

1  1 

6 

7 

8 

Intermediate 

1  2  1 

1 

2 

Cutoff 

1  1  9 

3 

3 

2 

} 

Unclassified 

1111  4 

1 

2 

6 

•Total  of  49  "clean"  cases  and  36  ambiguous  or  masked  events 
tToial  of  62  "clean"  cases  and  46  ambiguous  or  masked  events 


time  of  the  microwave  burst  in  question  (masked  events)  ot  lo 
the  peak  level  of  the  time-related  proton  event  that,  in  our 
judgment,  was  probably  not  due  to  the  burst  under  consider¬ 
ation  (ambiguous  events). 

Considering  the  clean  cases  only,  the  percentage  association 
of  protons  with  the  three  spectral  types  is  given  in  Table  2. 
The  high  degree  of  association  between  U  bursts  and  proton 
events  for  western  hemisphere  flares  supports  the  evidence 
presented  by  CB,  indicating  that  the  U  burst  is  an  "almost 
sufficient"  condition  for  the  occurrence  of  a  proton  event  of 
any  si/e  However,  we  note  that  the  large  western  hemisphere 
flare  bursts  with  intermediate  and  cutoff"  spectral  classifi¬ 
cations  also  have  significant  proton  association  (71  and  75%. 
respectively).  Since  the  number  of  western  hemisphere  events 
of  these  two  spectral  types  is  small,  it  may  be  appropriate  to 
increase  our  sample  size  by  considering  the  percentage  associ¬ 
ation  of  the  three  spectral  types  with  protons  for  flares  oc¬ 
curring  anywhere  on  the  visible  disk  (85'E  ;>  <j>  <  85  W)  As 
expected,  the  percentage  association  for  U  bursts  is  smaller 
when  the  whole  sun  is  considered  The  proton  association  for 
the  intermediate  events  is  constant  over  the  full  disk,  although 
the  total  number  of  cases  (I  I)  is  still  not  large.  For  the  entire 
sun.  however,  the  percentage  association  of  the  cutoff  events 
t33%)  begins  to  distinguish  itself  from  that  of  the  U  bursts 
(77%)  and  the  intermediate  events  (73%).  Although  we  cannot 
rule  out  the  propagation  effect  as  the  cause  of  the  weak  proton 
association  of  the  eastern  hemisphere  cutofT  events  versus  that 
of  the  U  bursts,  we  note  that  the  longitudinal  distribution  in 
this  hemisphere  of  dare  bursts  of  the  three  spectral  types  with 
“clean"  proton  circumstances  does  not  appear  to  favor  either 
the  U  bursts  or  the  intermediate  events  compared  to  the 
bursts  with  cutoff  spectra.  The  median  eastern  hemisphere  lon¬ 
gitude  for  such  events  in  each  spectral  class  is  as  follows:  U 
bursts  (38“E.  39  events),  intermediate  events  (50°E,  4),  and 
cutoff  events  (29°E,  11).  Thus  in  a  consideration  of  the  re¬ 
lationship  of  microwave  peak  flux  density  spectra  to  proton 
events  of  any  size  the  U-shaped  spectrum  is  differentiated  pri¬ 
marily  from  the  cutoff  spectrum  that  is  deficient,  and  in  many 
cases  apparently  lacking,  in  200-MHz  emission. 

The  U  Burst  as  a  Forecast  Toot 

To  derive  a  false  alarm  rate  for  the  U  burst  forecast  tool,  we 
counted  as  successes  only  those  cases  in  which  a  U  burst  was 


followed  by  a  proton  event  with  J  (>  10  MeV)  ^  10  protons 
cm  J  s  1  sr'1  [Heckman,  1979].  If  we  consider  only  western 
hemisphere  events,  we  have  22  successes  versus  21  false  alarms 
for  a  false  alarm  rate  of  49%  (21/43).  To  determine  the 
number  of  false  alarms,  we  added  the  number  of  U  bursts 
without  proton  association  to  the  number  of  U  bursts  with 
clean  and  ambiguous/masked  proton  associations  for  which 
the  characteristic  of  log  (J  >  10  MeV)  was  £  0  We  did  not 
consider  the  eight  masked  or  ambiguous  cases  for  which  the 
peak  >  10-MeV  flux  was  above  the  prediction  threshold  Only 
48%  (22/46)  of  the  large  J  (>  10  MeV)  2  10  protons  cm  "  J  s'  1 
sr‘l  proton  events  would  have  been  successfully  forecast  by 
the  U  burst  tool.  We  note  that  even  if  the  longitude  range 
from  85°E  to  SS'W  comprising  all  of  the  46  large  events  is 
considered,  the  success  rate  is  still  only  61%  (28/46),  while  the 
false  alarm  rate  is  73%  (75/102). 

Radio  Signatures  of  Major  Proton  Events 

While  diver  et  at.  [1983c]  demonstrated  that  a  strong  cen 
timeter  wavelength  emission  peak  (i.e.,  Sp  >  100  sfu)  is  not  a 
requirement  for  a  prompt  proton  event  with  J  (  >  10 
MeV)  2  10  protons  cm"1  s"1  sr "  1  to  occur,  it  might  be  sup 
posed  that  a  prominent  (2  1000  sfu)  lower-frequency  (200 
MHz)  emission  peak  remains  as  a  necessary  observable  for 
significant  particle  acceleration  in  (or  escape  from)  flares  That 
this  is  not  the  case  is  shown  in  Figure  7.  where  a  histogram  ol 
Sp  ('200  MHz)  for  the  parent  flares  of  the  46  large  proton 
events  is  presented.  Even  though  we  used  the  larges! 
'200-MHz  flux  density  peak  reported  by  any  observatory  on 
patrol  (and  occurring  at  any  time  during  the  listed  Hi  flare), 
eight  events  (seven,  if  we  ignore  March  7.  1970  [cf  diver  ei 
ol,  1983c])  had  Sp  ('200  MHz)  <  300  sfu  Thus  neither  the 
high-frequency  (  '  9  GHz)  nor  the  low-frequency  (  ~  200  M  Hz) 
branch  of  the  classical  (i  c  .  Sp  2  1000  sfu)  U  burst  appears  to 
be  a  requirement  for  the  occurrence  of  a  large,  prompt  proton 
event 

Work  by  Ptck-Gutmann  [1961],  Harvey  [1965],  and  Castclli 
and  Tamslrom  [1978]  indicated  that  the  integrated  microwave 
flux  density  obtained  by  taking  the  product  of  the  burst 
mean  flux  density  and  duration,  might  be  an  important  pa¬ 
rameter  in  regard  to  proton  acceleration  in  flares  [cf.  Kundu 
and  lluddosk,  I960],  In  particular,  the  Pick-Gutmann  and 
Castclli  and  Tarnstrom  studies  suggest  that  an  integrated  flux 
density  f. \m  2  10  11  J  m  1  Hz.  1  is  a  requirement  (or  thresh 
old)  for  the  observation  of  a  PCA  event  However,  this  value 
of  Km  is  relatively  small  and  can  be  achieved  by  a  predomi 
nantly  thermal  burst  (gradual  rise  and  fall  or  postburst  in 
crease)  with  a  mean  flux  density  of  15  sfu  and  a  duration  of  2 
hours.  In  fact,  with  the  possible  exception  of  the  August  21, 
1979,  event  [ Oliver  et  al.,  1983h]  the  weak  impulsive  phase 
proton  events  discussed  by  diver  et  al  [1983c]  had  values  of 
Er  >  I0'*\  primarily  because  of  their  long  durations.  Since 
there  is  no  apparent  close  physical  link  between  thermal 
microwave  emission  and  nonthcrmal  energetic  protons  [cf 


TABLE  2  Perccma.-e  Association  of  Protons  With  the  Three 
Spectral  Types 


Spectral  Type 

West 

East 

Total 

U  burst 

91%  (31/34) 

64%  (25/39) 

77%  (56/73) 

Intermediate 

71%  (5/7) 

75%  (3/4) 

73%  (8/11) 

CutofT 

75%  (3/4) 

18%  (2/11) 

33%  (5/15) 

Values  in  parentheses  are  associated  events  out  of  total  number  of 
events. 
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I  ip  7  Histogram  of  t lie  reported  peak  flue  density  at  —  200  MM;  for  the  parent  flares  of  the  large  tJ  (  >  1 0 
MeV)  £  10  protons  cm  1  s ' '  sr  1 1.  prompt  proton  events  that  were  observed  from  1965  to  1979.  For  each  event  we  took 
the  largest  flux  density  reported  by  any  observatory  on  patrol  near  200  MHz  (184-328  MHz)  during  the  time  of  the 
associated  Ha  disk  |KS  I  v  ^5  -  K5  W(  flare  Note  that  several  (8  of  46)  of  these  events  have  relatively  weak  (£.300  sfu) 
emission  at  '  200  MHz 


Kohler,  I982u],  the  concept  of  an  integrated  mtcrowase  flux 
density  “threshold"  for  proton  acceleration  in  flares  may  be 
misleading  [cf.  Cliver  et  at.,  1983c] 

At  this  point  it  is  of  interest  to  compare  the  U-shaped  spec¬ 
trum  as  an  “almost  necessary"  or  favorable  condition  for  a 
significant  proton  event  with  meter  wavelength  phenomena 
that  have  been  linked  to  proton  acceleration,  specifically  type 
II  bursts  [/.in,  1970;  Svestha  and  Fntzova-Svesthoca.  1974] 
and  type  IV  bursts  [Bell.  1963.  and  references  therein;  Mat- 
w ell  et  at ,  1964;  Kahlcr,  19.826]  We  find  that  type  II  and  type 
IV  bursts  arc  associated  with  the  46  large  J  (>  10  MeV)  >  10 
protons  cm  ’ 1  s '  1  sr '  1  proton  events  in  the  following  percent¬ 
ages:  type  II.  80%  (35/44);  type  IV,  84%  (36/43);  and  U  burst. 
65%  (28  43)  We  emphasize  that  these  percentage  associations 
were  obtained  strictly  on  the  basis  of  data  reported  in  SCO 
and  QBSA  A  reexamination  of  the  sweep  frequency  records 
might  reveal  possible  type  II  events  (c  g ,  Maxwell  [1973]  and 
Bohme  anti  Krut/er  [1973]  reported  possible  type  *1  bursts  for 
two  flares  in  the  August  1972  sequence  for  which  no  type  II 
burst  was  initially  reported  in  .SGD|  Nevertheless,  in  view  of 
the  perceived  link  between  type  II  bursts  and  proton  events  it 
is  interesting  that  20%  of  the  largest  proton  events  observed 
from  1965  to  1979  did  not  have  obvious  associated  metric 
type  II  bursts 

Microwave  Spectral  Class  and  Type  1 1 /IV  Bursts 
Because  of  the  statistical  relationship  between  U  bursts  and 
proton  events  and  between  type  ll/IV  bursts  and  proton 
events  we  have  examined  the  associations  of  type  T I/I V  bursts 
with  large  microwave  bursts  of  different  peak  flux  density 
spectral  types.  In  Table  3  it  can  be  seen  that  the  percentage 
association  of  microwave  bursts  of  different  spectral  classes 
with  type  ll/IV  bursts  parallels  their  association  with  proton 
events  (85"B  2  <#>  <  85"W)  Wr  note  that  the  microwave 
events  with  cutoff  peak  flux  density  spectra  also  appear  to  be 
deficient  in  type  III  bursts.  The  statistical  results  in  Table  3 
are  consistent  with  the  current  picture  [e  g.,  Lin  and  Hudson, 
1976;  Kahlcr  et  ah,  1978;  Ciivcr  et  ai,  1982;  Mason  et  al„ 
1984]  that  the  protons  observed  at  earth  are  accelerated  at  a 
shock  front,  and  it  appears  that  the  U  bursts  are  preferentially 


related  to  protons  in  contrast  lo  cutolf  events  because  of  their 
higher-percentage  association  with  type  ll/IV  events  We 
should  be  able  to  check  this  supposition  directly  by  com¬ 
paring  the  proton  association  of  U  bursts  (and  cutoff  events) 
lhat  were  accompanied  by  type  II  and/or  type  IV  emission 
with  those  that  were  not  However,  as  can  be  seen  from  Table 
3.  the  control  group  of  U  bursts  without  type  ll/IV  associ¬ 
ation  is  relatively  small.  We  found  only  1 1  U  bursts  that 
lacked  both  type  II  and  type  IV  associations.  Nine  of  these  II 
events  were  associated  with  eastern  hemisphere  flares  Tor  two 
of  these  nine  events,  possible  proton  events  were  masked  by 
small  (log  J  <  —  1)  events  in  progress,  while  only  one  of  the 
remaining  seven  events  was  associated  with  protons  (-2)  at 
the  level  (2-2)  considered.  Of  the  two  western  hemisphere 
events,  one  was  masked  (—1)  and  one  was  unassociated.  Thus 
only  one  of  the  eight  clean  control  events  (albeit  seven  of  these 
from  eastern  hemisphere  flares)  was  associated  with  a 
>  10-McV  proton  event.  For  comparison  we  note  lhat  74% 
(23/31)  of  the  clean  eastern  hemisphere  U  bursts  with  type  II 
and/or  type  IV  bursts  had  proton  association.  The  seven  clean 
eastern  hemisphere  U  bursts  without  type  ll/IV  association 
had  a  median  longitude  of  45°,  slightly  less  favorable  than  the 
31  clean  eastern  hemisphere  U  bursts  with  type  I  I/I  V  associ- 


TABLE  3  Association  of  Sweep  Frequency  Bursts  and  Proton 
Events  With  Peak  Flux  Density  Spectral  Classes 


Spectral 

Type 

Associated  Phenomena 

Type  III 

Type  II 

Type  IV 

Type  II 
and/or  IV 

Full  Disk 
Protons 
“Clean**  Cases 

U-shaped 

93% 

70% 

73% 

90% 

77% 

(109) 

(73) 

Intermediate 

72% 

61% 

67% 

78% 

73% 

(18) 

(in 

Cutoff 

34% 

12% 

19% 

22% 

33% 

(32) 

(15) 

Unclassified 

80% 

68% 

68% 

80% 

67% 

(25) 

(12) 

Numbers  in  parentheses  equal  total  number  of  events 
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ation.  38°  A  consideration  of  the  associations  of  cutoff  events 
with  and  without  type  II/IV  bursts  and  proton  events  is  also 
hampered  by  small  numbers,  although  the  results  are  consis¬ 
tent  with  the  overall  statistics  presented  in  Table  3;  three  of 
(he  five  clean  cutoff  events  (I6°E  median  longitude)  with  type 
J I/I V  association  were  related  to  >  10-McV  events  as  opposed 
lo  (wo  of  10  clean  cut-off  events  (20°E  median  longitude)  with¬ 
out  type  II/IV  association. 

At  this  point  it  is  instructive  to  consider  some  of  the  cutoff 
events  that  have  proton  association  in  greater  detail.  For  the 
event  on  October  27.  1968  (log  (3)  =  -  I).  H.  Tanaka  [sec 
Svestka  and  Simon,  1973.  part  2)  reports  type  IV  emission 
beginning  at  1307  UT.  —  30  min  after  the  initial  peak  a  800 
sfu  and  near  the  start  of  a  major  (Sp  (5  GHz)  =  860  sfu)  burst 
(hat  we  consider  to  be  a  secondary  peak  [cf.  diver,  1983]  in 
an  exiended  Dare  event  Similarly,  for  the  event  on  November 
16.  1970  (log  (3)  =  -  I),  the  type  II/IV  event  begins  at  0112 
UT.  -20  min  after  the  initial  2  800  sfu  peak  but  near  the 
maximum  of  a  significant  (S/>  (9.4  GHz)  =  1030  sfu)  burst  ap¬ 
parently  associated  with  the  same  Ha  flare.  For  both  of  these 
events,  200-MHz  bursts  were  reported  only  in  association  with 
the  later  peak.  These  events  indicate  that  it  may  be  misleading 
to  expect  the  spectrum  of  a  single  peak  in  a  complex  micro- 
wave  burst  to  tell  the  entire  story  in  regard  to  a  flare's  associ¬ 
ation  with  type  II/IV  bursts  and  protons.  For  the  above  cases 
it  is  tempting  to  speculate  that  the  flares  evolved  from  a  com¬ 
pact  to  an  open  magnetic  field  structure  [cf.  Pallavicini  et  al., 

1977] , 

Timing  of  Type  li  Burs  I  and  200-MHz  Peak 
Given  the  statistical  associations  between  type  II  bursts, 
protons,  and  U  bursts  (and  the  relative  deficiency  of  type  II 
emission  and  proton  association  in  the  cutoff  events),  it  seems 
logical  to  ask  if  the  shock  wave  observed  by  way  of  the  type  II 
burst,  and,  presumably,  accelerating  the  protons,  might  in 
some  way  account  for  the  low-frequency  branch  of  the  U- 
shaped  spectrum,  particularly  the  high  fluxes  often  observed 
near  200  MHz.  There  are  two  possible  ways  that  the  type  II 
burst  could  account  for,  or  contribute  to,  the  200-MHz  radi¬ 
ation.  First,  the  type  II  itself  is  generally  an  intense  emission 
with  (lux  densities  ranging  from  —  50  to  several  thousand 
solar  flux  units  [ Kundu ,  1965]  For  those  events  with  rela¬ 
tively  high  starting  frequencies,  emission  at  the  second  har¬ 
monic  would  be  in  the  200-MHz  range  and  thus  might  con¬ 
tribute  to  the  low-frequency  branch  of  the  U-shaped  spectrum. 
About  one  third  of  type  II  bursts  have  fundamental  starting 
frequencies  >100  MHz  [ Maxwell  and  Thompson,  1962],  and 
~60%  of  type  II  bursts  exhibit  harmonic  structure  [Kundu, 
1965].  Second,  a  possible  way  in  which  a  shock  wave  might 
contribute  to  the  200-MHz  emission  that  often  comprises  the 
low-frequency  branch  of  the  U-shaped  spectrum  is  through 
the  flare  continuum  emission  designated  as  FC  II  by  Robinson 
and  Smerd  [1975].  This  emission  follows  the  type  II  burst  at 
any  frequency  and  is  thought  to  be  due  to  shock-accelerated 
electrons  trapped  in  a  large-scale  magnetic  loop  [ Robinson , 

1978] ,  To  see  if  cither  the  type  II  or  FC  II  could  contribute  to 
the  200-MHz  emission  in  U  bursts,  we  determined  if  the  as¬ 
sociated  (if  any)  type  II  burst  was  in  progress  at  the  time  of  the 
200-MHz  peak  (within  the  sliding  S-min  window)  for  each  of 
the  U  bursts  in  our  sample.  We  counted  as  concomitant  those 
cases  in  which  type  II  bursts  were  in  progress  or  began  within 
S0.5  min  after  the  average  peak  time  at  200  MHz.  Since  the 
low-rrequcncy  branch  of  the  U-shapcd  spectrum  may  be  due 
to  flash  phase  accelerated  electrons,  we  also  looked  to  sec  if  a 


type  III  burst  was  in  progress  during  the  low-frequency  maxi¬ 
mum  (or  ended  i  0.5  min  before  the  200-MHz  maximum  or 
began  S0.5  min  after  it),  since  these  emissions  are  a  character¬ 
istic  component  of  the  impulsive  phase  [Kflnc,  1974]  The 
results  of  the  liming  comparisons  were  as  follows : 

In  Progress  at  Time  of  200-MHz  Peak 


Type  II  only 

19%  (20/103) 

Type  II  and  type  III 

30% 

Type  III  only 

44% 

Neither 

7% 

We  caution  that  as  pointed  out  by  Svesika  and  Fritzoia- 
S  vest  koto  [1974],  it  is  impossible  to  (ell  if  type  III  3nd  the 
200-MHz  emission  maxima  are  exactly  coincident  without 
examining  the  sweep  frequency  records  because  typically  these 
large  type  HI  bursts  last  for  several  minutes  and  arc  composed 
of  tens  of  individual  bursts. 

From  these  figures  ir  can  be  seen  that  the  FC  II  and  type  II 
emission  could  contribute  to  the  peak  200-MHz  emission  in  U 
bursts  in  al  most  —50%  of  the  cases,  assuming  that  the  start¬ 
ing  frequency  of  the  fundamental  type  II  emission  is  £  100 
MHz.  For  the  21  U  bursts  in  our  sample  that  occurred  during 
Culgoora  observing  hours  we  were  able  to  check  the  starting 
frequencies  of  the  associated  type  II  bursts  from  a  compilation 
by  Robinson  et  al.  [1983],  Harmonic  emission  started  at /2 
200  MHz  for  only  about  half  of  these  events,  (11/21  «  52%) 
[cf.  Maxwell  and  Thompson,  1962],  although  for  those  events 
where  the  type  11  was  in  progress  at  the  time  of  the  200-MHz 
peak,  harmonic  emission  began  at  /g  200  MHz  in  71% 
(10/14)  of  the  cases  For  51%  of  the  U  bursts  in  our  sample  a 
type  II  burst  was  cither  not  observed,  ended  prior  to.  or  began 
>0.5  min  after  the  peak  of  the  200-MHz  emission  A  compari¬ 
son  of  the  peak  200-MHz  flux  densities  of  these  U  bursts 
(51%)  with  those  of  the  type  II  coincident  events  rescaled  no 
marked  differences  between  the  two  distributions  The  median 
200-MHz  flux  value  of  the  type  II  coincident  events  (3400  sfu) 
is  larger,  as  might  be  expected,  but  the  median  value  for  the 
noncoincident  events  (2000  sfu)  is  also  well  above  the  mini¬ 
mum  value  (2  1000  sfu)  required  for  (he  classical  U  burst 
Since  the  200-MHz  peak  is  coincident  with  type  111  emission 
for  74%  of  the  U  bursts  examined,  it  appears  that  flash  phase 
electrons  are  primarily  responsible  for  the  low-frequency 
branch  of  the  U-shapcd  spectrum 

4.  Discussion 

Summary 

From  this  study  of  the  peak  flux  density  spectra  of  nearly 
200  large  (Sp  (  2  2  GHz)  2  800  sfu)  microwave  bursts  and 
their  associated  proton  and  sweep  frequency  emissions  we 
have  found  the  following: 

1.  There  appear  to  be  two  basic  peak  flux  density  spectral 
types:  (I)  U-shapcd,  with  two  maxima  2  800  sfu  in  the  range 
from  200  MHz  to  2  10  GHz  (59%  of  all  events)  and  (2)  cutoff, 
with  a  spectral  maximum  2  800  sfu  at/2  2  GHz  and  Sp  (200 
MHz)  <  100  sfu  (18%).  Nine  percent  of  the  events  had  what 
we  termed  intermediate  spectra  with  a  spectral  maxi¬ 
mum  2  800  sfu  at  / 2  2  GHz  and  100  sfu  <,  Sp  (200 
MHz)  <  800  sfu.  We  were  unable  to  classify  15%  of  the  events 
in  our  data  sample. 

2.  If  the  current  NOAA  proton  prediction  threshold  of 
3( >  10  MeV)  2  10  protons  cm'1  s'1  sr " 1  had  been  in  effect 
during  the  period  covered  by  our  data  base  (1965-1979),  the  U 
burst  “yes  or  no"  proton  event  forecast  tool  would  have  had  a 
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false  alarm  rale  of  —  507.  and  would  have  failed  10  provide  a 
warning  for  —  50%  of  the  significant  prompt  proton  flares 
attributable  to  disk  (lares  during  this  period.  These  figures 
apply  if  proton  event  warnings  had  been  issued  only  following 
U  bursts  associated  with  western  hemisphere  flares.  If  warn¬ 
ings  had  been  made  following  U  bursts  from  anywhere  on  the 
sun  (85"E  2  <j>  5  85”W),  the  false  alarm  rale  would  have  been 
73%,  and  397.  of  the  significant  proton  events  would  not 
have  been  predicted  by  this  method 

3.  The  associations  of  flare  bursts  (85°E  Z  <j>  £  85°W)  of 
different  peak  flux  density  spectral  type  with  type  II  and/or 
type  IV  bursts  and  with  >  10-MeV  proton  events  of  any  peak 
intensity  (200!  protons  cm'1  s'1  sr'1)  arc  as  follows:  U- 
shaped.  type  I  I/I  V  (90%),  protons  (777.);  intermediate,  type 
II/1V  (78%),  protons  (73%);  cutofT  type  1 1/1 V  (22%),  protons 
(33%). 

4.  In  74%  of  'he  microwave  bursts  with  U-shaped  spectra 
the  200-MHz  emission  peak  occurred  during  a  type  Hi  event 
For  49%  of  the  U  bursts  a  type  II  was  in  progress  during,  or 
began  s  05  mm  after,  the  peak  200-MMz  emission. 

5.  Several  (eight  of  46)  of  the  proton  events  with  J  (>  10 
MeV)  2  10  protons  cm ' 1  s'1  sr '  1  (1965-1979)  originated  in 
visible  hemisphere  flares  with  relatively  weak  (S/>  <  300  sfu) 
associated  200- MHz  emission 

The  U  thirst  as  a  Prediction  Tool 

The  pessimistic  picture  of  the  U-shaped  peak  flux  density 
spectrum  as  a  proton  prediction  tool  that  we  have  presented 
in  this  study  contrasts  with  that  of  earlier  studies  [e  g  ,  Castelh 
and  Barron ,  1977],  We  point  out.  however,  that  the  differences 
in  our  results  stem  primarily  from  (I)  the  use  of  a  lower  event 
prediction  threshold  than  was  previously  used,  t  e„  7(>I0 
McV)  2  10  protons  cm'1  s'1  sr '  1  [ Heckman ,  1979]  versus 
J  >  40  protons  cm'1  s'1  sr'1  [Castelh,  1968;  Judav  and 
Adams,  1969;  CasielU  and  Tarnstrom,  1978]  and  (2)  the  obser¬ 
vation  after  1976,  the  final  year  considered  in  studies  by  Cartel- 
U  and  Barron  [1977]  and  Castelh  and  Tarnstrom  [1978],  of 
four  large  (7  2  40)  proton  events  that  originated  in  flares  with 
non-U  microwave  spectra  Despite  differences  in  (he  basic  ap¬ 
proach  (and  the  classification  of  several  individual  events)  be¬ 
tween  ours  and  the  earlier  studies,  our  results  pertaining  to  the 
U  burst  as  a  forecast  tool  are  in  general  agreement  with  those 
of  Castelh  and  his  coworkers  for  the  prediction  threshold  and 
(he  time  period  they  considered  Moreover,  until  a  more  reli¬ 
able  early  indicator  of  proton  acceleration/escape  in  flares  is 
identified  the  U  burst  tool  (or  variants  [cf.  Akinyan  et  nl . 
1979])  will  likely  continue  to  be  used  in  combination  with  Dor 
and  sweep  frequency  radio  signatures  at  solar  forecast  centers 

Nevertheless,  the  recent  observation  of  four  large  (3  2  40) 
proton  events  associated  with  microwave  bursts  with  non-U 
spectra  underscores  suspicions  raised  in  other  studies  [e  g, 
Kahler,  I982a,6;  Cliver  et  at.,  1983c]  that  the  U-shaped  spec¬ 
trum  may  not  have  a  strong  physical  connection  with  the 
process  by  which  the  protons  observed  at  earth  are  acceler¬ 
ated.  Even  for  the  7^40  events  that  were  preceded  in  —80% 
of  the  cases  by  bursts  with  U-shaped  spectra,  the  wide  vari¬ 
ation  in  spectral  shape  among  events  like  April  6,  1971  (Figure 
2c),  with  a  large  dccimetcic  peak  and  weak  200- MHz  emission, 
events  like  July  7,  1966,  [Svestka,  1976,  p.  193],  and  January 
24,  1971  (Figure  36),  that  are  classified  as  U  bursts  because  of 
relatively  sharp  spectral  variations  in  the  dccimetric  range, 
and  the  more  classic  types  such  as  March  24,  1966,  and  No¬ 
vember  S,  1974  (Figures  la  and  lb),  make  it  difficult  to  em¬ 
brace  U  bursts  as  a  special  class  of  microwave  bursts  that  arc 


somehow  uniquely  related  to  interplanetary  ,  roton  events  We 
attribute  the  high  percentage  association  (31  of  34  western 
hemisphere  cases)  of  these  phenomena  to  the  fact  that  U 
bursts  arc  generally  (907.  of  the  time)  accompanied  by  type  II 
and/or  type  IV  bursts  indicative  of  a  second-stage  process 

»r.Vv!*«r<5  u  shuvA  «a»c. 

The  Low- Frequency  Branch  of  the  U-shaped  Spectrum 

Kundu  and  Ylalins  [1982]  have  suggested  that  the  U-shaped 
spectrum  is  a  reflection  of  nothing  more  than  the  fact  that 
there  are  two  different  sources  of  burst  radiation,  one  for  cen¬ 
timeter  wavelengths  and  one  for  decimeter  wavelengths,  with 
different  election  energy  distributions  and  different  magnetic 
fields.  In  this  study  we  asked  whether  the  two  emission 
maxima  might  not  also  reflect  different  acceleration  processes 
for  the  radiating  electrons  that  give  rise  to  the  separate 
branches  of  the  U-shaped  spectrum  In  particular,  we  enter¬ 
tained  a  picture  in  which  a  shock  wave  might  account  for  the 
low-frequency  (  —  200  M Hz)  branch  of  the  U-shaped  spectrum, 
cither  through  emission  from  the  second  harmonic  of  the  type 
II  hurst  or  through  flare  continuum  (FC  II)  radiation  [Robin¬ 
son.  1978]  in  those  cases  where  the  starting  frequency  of  the 
fundamental  type  II  burst  is  2  100  MHz.  We  found  that  this 
picture  cannot  obtain,  in  general,  since  a  type  II  burst  was  in 
progress  at  the  time  of  the  low-frequency  maximum  (nom¬ 
inally  at  200  MHz)  for  only  about  half  of  the  U  bursts  in  our 
sample.  This  conclusion  is  based  on  the  assumption  that  the 
shock  either  docs  not  exist  or  is  incapable  of  accelerating 
electrons  prior  to  the  occurrence  of  a  type  II  burst  In  74%  of 
the  cases  the  peak  200-MHz  emission  in  U  bursts  occurred  at 
the  time  of  reported  type  111  emission,  suggesting  that  the 
low-frequency  branch  of  the  U-shaped  spectrum  is  primarily 
due  to  radiation  from  flash  phase  electrons  In  fact,  since  both 
the  starting  frequency  and  intensity  of  type  111  emission  can  be 
expected  to  increase  wall  the  size  of  the  associated  microwave 
(hard  X  ray)  burst  [Kane.  1981],  it  seems  likely  that  for  the  U 
hursts  the  low-frequency  branch  is  often  due  to  the  type  111 
hurst  itself  In  this  context  we  note  that  in  addition  to  having 
relatively  weak  proton  and  type  II  associations  the  cutofT 
events  in  our  sample  were  also  deficient  in  type  III  emission 

U  Bursts  and  the  Rig  Flare  Syndrome 
The  large  (Sp  (22  GHz)  2  800  sfu)  microwave  bursts  exam 
ined  in  the  study  tend  to  have  U-shaped  peak  flux  density 
spectra  (597.,  113/193)  and  to  be  associated  with  type  1 1/1 V 
bursts  (767.,  139/184)  and  >  10-MeV  proton  events  (69%, 
77/|  1 1)  However,  the  small  number  of  events  with  U-shaped 
spectra  that  lacked  both  tvpc  II  and  type  IV  emission  were 
poorly  associated  with  interplanetary  protons.  This  argues 
that  the  type  11/1 V  burst  is  the  critical  observable  for  particle 
acceleration  and  not  the  U-shaped  spectrum.  The  fact  that  the 
statistical  association  of  the  cutofT  bursts  with  proton  events 
parallels  their  associations  with  type  II/1V  bursts  provides  ad¬ 
ditional  suppo.  f  for  this  contention.  In  addition,  we  note  that 
for  the  majority  of  the  U  bursts  in  our  sample  the  high  fluxes 
often  observed  near  200  MHz  appear  to  be  more  closely  relat¬ 
ed  to  type  III  emission  than  to  the  shock  wave  (type  II  burst) 
that  is  presumably  accelerating  the  protons.  Thus  we  conclude 
that  the  U-sbapcd  spectrum  at  both  high  (~  10  GHz)  and  low 
(-200  MHz)  frequencies  is  primarily  an  impulsive  phase  phe¬ 
nomenon  and  that  the  observed  statistical  U  burst-proton  as¬ 
sociation  is  probably  due  to  the  big  flare  syndrome  [Kahler, 
1982a]  rather  than  the  result  of  a  direct  physical  connection 
between  these  two  phenomena.  The  observation  that  the 
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cutofT events  arc  deficient  in  type  ill  as  well  as  type  11  emis¬ 
sion  relative  to  the  U  bursts,  however,  suggests  that  a  less 
direct  or  “once-removed**  connection  may  exist  between  the 
U-shaped  spectrum  and  proton  acceleration  in  that  the  prob¬ 
ability  of  shock  formation  (type  II/protons)  in  these  large 
flares  apparently  increases  in  more  open  magnetic  field  struc¬ 
tures  (type  IH/U  burst). 

Impulsive  Phase  Proton  Acceleration 

Forrest  [1983]  and  Forrest  and  Chupp  [1983]  have  recently 
presented  gamma  ray  evidence  indicating  that  ions  arc  accel¬ 
erated  along  with  electrons  in  the  impulsive  phase  of  all  flares. 
However,  diver  et  ai  [1983a]  have  shown  that  the  correlation 
between  gamma  ray  line  fluences  and  interplanetary  proton 
fluxes  is  poor.  This  leaves  open  the  possibility  that  the  ions 
observed  at  the  sun  via  gamma  ray  line  emission  arc  acceler¬ 
ated  by  a  different  process  than  the  bulk  of  the  protons  detect¬ 
ed  at  I  AU.  In  particular,  we  favor  a  picture,  as  indicated 
above,  in  which  the  protons  observed  at  earth  are  accelerated 
in  a  second-stage  process  involving  a  shock  wave  [cf.  Kahler 
et  ai,  1984] 

Proton  Flares  With  Weak  200- MHz  Emission 

As  a  final  comment,  we  note  that  in  the  largest  disk  flare 
associated  proton  events  ( J  >  10)  observed  from  1965  to  1979 
the  200-MHz  emission  was  often  relatively  weak,  ^300  sfu  in 
eight  of  46  cases.  While  either  type  II  or  type  IV  emission  was 
lacking  in  a  comparable  number  of  cases,  the  identification  of 
these  sweep  frequency  events  is  more  subject  to  interpretation, 
and  it  is  possible  that  upon  reexamination  of  the  original 
records  the  missing  phenomenon  might  be  noted.  The  200- 
MHz  records  should  be  less  ambiguous,  however,  and  we  con¬ 
sidered  the  highest  flux  density  reported  by  any  observatory 
during  the  associated  Hot  flare.  Moreover,  even  several  of  the 
events  with  J  ( >  1 0  McV)  £  40  protons  cm " }  s  " 1  sr  “  ’  had 
relatively  weak  emission  at  f  ^  200  MHz,  the  lowest  frequency 
currently  monitored  on  a  24-hour  per  day  basis  by  the 
ground-based  solar  radio  patrol.  Thus  the  low-frequency 
(-200  MHz)  branch  of  the  classical  (i.c,  Sp  ;>  1000  sfu)  U 
burst  docs  not  appear  to  be  a  requirement  for  the  occurrence 
of  a  large,  prompt  proton  event.  The  lack  of  a  radio  response 
at  ihia  frequency,  commensurate  with  the  observed  intensities 
of  these  large  proton  events,  indicates  that  for  certain  flares  a 
radio  signature  of  particle  accelcralion/escape  may  only  exist 
at  lower  frequencies  (<200  MHz),  as  was  the  case  for  the 
October  4.  1965,  proton  flare  [Bohme,  1972 a,6],  the  ground 
level  event  parent  flare  on  August  2t,  1979  [C/rver  et  of, 
19836],  and  the  eruptive  filament  event  on  December  5,  1981 
(S.  W.  Kahler  ct  al.,  unpublished  manuscript,  1985). 
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